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ABSTRACT

In recent years production of oil in sub-Saharan Africa has generated thousands of
barrels of oilfield produced water (OPW). If water produced from oilfields in subSaharan Africa can be treated, this large volume of water has the potential for use in
irrigation, which could decrease demand on existing water resources. In this
investigation a pilot-scale constructed wetland treatment system (CWTS) consisting of
three series: a free water surface flow (FWS) series, a subsurface flow (SSF) series, and a
hybrid SSF series preceded by an oil-water separator (OWS), was utilized to treat OPW.
Two major objectives were to: 1) assess treatment performance of a pilot-scale CWTS at
different mass loadings of O & G, and 2) determine effects of a specific OPW on seed
germination and early seedling growth after treatment in a pilot-scale CWTS.
Concentrations of O & G and metals in simulated OPW decreased during
treatment in both the SSF and FWS series for all mass loadings of O & G (5, 10, and 20
mg/min). Development of reducing conditions as mass loading of O & G was increased
enhanced the removal of nickel and zinc from OPW. Removal of O & G, which is
favored by oxidizing conditions, was greater for low O & G loadings compared to high O
& G loadings in the SSF and FWS series. Removal of manganese was greater at low O
& G loadings in both series, and iron removal was greater at low O & G loadings in the
FWS series. The SSF series with an OWS demonstrated greater removal of O & G
compared to the SSF series without an OWS. Seed germination and early seedling
growth bioassays revealed that phytotoxicity was greater in untreated OPW compared to
treated OPW. Probable sources of phytotoxicity were metals in test water and nutrient
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deficiencies in growth substrate. Results indicate the following sensitivity scale for plant
species in order from most sensitive to least sensitive: lettuce > soybean > watermelon >
corn > okramillet > sorghum.
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CHAPTER ONE
INTRODUCTION

As world population increases and water resources decrease, innovative practices
will be used to maintain viable water sources. Demand for fresh, usable water is most
apparent in economically challenged regions that are often located in arid climates. In
recent years production of oil in sub-Saharan Africa has brought thousands of barrels of
oilfield produced water (OPW) to the surface. OPW is defined as water that is brought to
the surface as a result of oil production (Veil et al., 2004). 21 billion barrels of produced
water were generated in 2007 by on-shore and off-shore facilities, eighty-seven percent
of which came from oil production activities (Clark and Veil, 2009). Composition of
OPW varies widely and is a function of geologic setting and location of the producing
formation, depositional environment of the host formation, depth and age of the well, and
type of hydrocarbon being produced (Rice and Nuccio, 2000; Veil et al, 2004; Benko and
Drewes, 2008). If water produced from oilfields in sub-Saharan Africa can be treated,
this large volume of water has the potential for use in irrigation, which could decrease
demand on existing water resources.
Common naturally occurring constituents of concern (COCs) that limit use of
OPW are organic compounds, anions, cations, nitrogen related compounds (nitrate,
nitrite, and ammonia), total dissolved solids (TDS), and total suspended solids (TSS)
(Veil et al., 2004; Benko and Drewes, 2008). The OPW used in this experiment was
based on the composition of an OPW originating from an oilfield located in sub-Saharan
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Africa. Characterization of this OPW by Horner et al. (2011) revealed oil and grease (O
& G), Fe, Mn, Ni, and Zn as COCs.
Underground injection, surface discharge, and beneficial use are strategies to
manage OPW (ALL, 2003; Veil et al., 2004; Benko and Drewes, 2008). Beneficial use of
OPW is attractive in regions where water demand surpasses water supply (Veil et al.,
2004). Types of beneficial use are: livestock watering, irrigation, internal reuse,
aquaculture, wildlife habitat, dust control, and aquifer recharge (Jackson and Myers,
2002; ALL, 2003; Veil et al., 2004). Beneficial use of OPW becomes an option when
COCs can be treated. Constructed wetland treatment systems (CWTSs) are a potential
treatment method for OPW. CWTSs have been utilized to treat a variety of waters
including wastewater originating from farming practices, acid mine wastewater,
petroleum industry effluents, flue gas desulfurization wastewater, brackish oilfield
produced water, and copper contaminated wastewater (Cronk, 1996; Hawkins et al.,
1997; Barton and Karathanasis, 1998; Knight et al., 1999; Gillespie et al., 2000;
Huddleston et al., 2005; Mooney and Murray-Gulde, 2008; Murray-Gulde et al., 2003,
2005, 2008). CWTSs are robust in nature, have the capacity to treat numerous
constituents simultaneously, and have low associated costs (Rodgers and Castle, 2008).
By manipulating environmental conditions of the CWTS, soil type, and the types of
plants, contaminants can be targeted for removal through biogeochemical processes
(transfers or transformations) (Rodgers and Castle, 2008). Flow patterns used in CWTSs
include subsurface flow (SSF; water level maintained below hydrosoil) and free water
surface (FWS; water level maintained above hydrosoil).
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Research presented in this thesis examines treatment performance, both chemical
and biological, of a pilot-scale CWTS designed to renovate a specific OPW. The two
major objectives were: 1) assess treatment performance of a pilot-scale CWTS at
different loadings of O & G, and 2) determine effects of a specific OPW on early
seedling growth after treatment in a pilot-scale CWTS.
1.

Assess treatment performance of a pilot-scale CWTS at different loadings of
O&G
The purpose of this investigation was to evaluate a specifically designed pilot-

scale constructed wetland treatment system, containing 3 series (2 SSF and 1 FWS), for
treating OPW at O & G loading ≥ 5 mg/min. The effect of O & G mass loading on
treatment performance was investigated by varying O & G inflow concentration and
HRT. Treatment performance was assessed by measurement of O & G, iron, manganese,
nickel, and zinc concentrations at different locations throughout each series. The effect
of O & G loading on hydrosoil conditions and general water chemistry parameters was
also measured. An oil-water separator (OWS), a passive device using gravity separation
based on density differences between oil and water, was incorporated in one of the series.
Specific objectives of this investigation were: 1) assess the effect of different O & G
mass loadings on treatment performance in pilot-scale SSF and FWS series and 2)
evaluate treatment performance of a pilot-scale SSF series containing an OWS.
2.

Determine effects of a specific OPW on early seedling growth after treatment
in a pilot-scale CWTS
Water must be suitable for seed germination and plant growth if it is to be used

for irrigation. Seed germination and early growth bioassays were used to evaluate
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potential phytotoxicity of the specific OPW from sub-Saharan Africa before and after
treatment in a pilot-scale CWTS. Plant species were selected for experimentation based
on agricultural importance in sub-Saharan Africa, sensitivity, availability, physical
differences (seed size) and potential differences in morphology (monocotyledons and
dicotyledons). In this study focus was on short term responses (21day experiment
duration), when plant has minimal biomass and maximum exposure to COCs. Test
waters were considered phytotoxic if plant health was visually affected (wilting of plant,
discoloration of plant, necrosis) or measured quantitatively (decreased seed germination
percentage, shoot elongation, root elongation, fresh mass, and dry mass). Specific
objectives of this investigation were: 1) compare phytotoxicity between untreated and
treated simulated OPW and 2) compare responses among different plant species to
untreated and treated simulated OPW.
3.

Thesis organization
This thesis consists of four chapters including an introduction chapter (Chapter 1)

and a conclusions chapter (Chapter 4). The body of this thesis is comprised of two
chapters formatted as independent manuscripts intended for submission to peer-reviewed
scientific journals. For this reason, some material may be repeated. Manuscripts and
their intended peer-reviewed journals are:
Chapter 2: Effects of Oil and Grease Loading on Treatment Performance by a
Pilot-Scale Constructed Wetland System for Treating a Specific Oilfield Produced
Water, prepared for submission to Chemosphere
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Chapter 3: Effects of a Specific Oilfield Produced Water on Early Seedling
Growth after Treatment in a Pilot-Scale Constructed Wetland System, prepared
for submission to Bioresource Technology
Collectively, these manuscripts increased the understanding of a biogeochemical
treatment technique for OPW and provided data regarding phytotoxicity of untreated and
treated OPW.
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Abstract
Constructed wetland treatment systems (CWTSs) can effectively remove many
constituents of concern (COCs) that limit the use of oilfield produced water (OPW). The
objectives of this investigation were: 1) to assess the effect of mass loadings of oil and
grease (O & G) on treatment performance in pilot-scale subsurface flow (SSF) and free
water surface (FWS) series, and 2) to evaluate effects on treatment performance of
adding a pilot-scale oil-water separator (OWS) to a SSF series. Increase in mass loading
of O & G (from 5 to 20 mg/min) to pilot-scale FWS and SSF wetland cells caused
decreased dissolved oxygen and sediment redox potential, which affected treatment
performance of COCs in simulated OPW. Biogeochemical pathways for removal of O &
G, iron, and manganese operate under oxidizing conditions, and removal rate coefficients
for these constituents decreased with greater mass loading (0.905 to 0.514 d-1 for O & G,
0.773 to 0.452 d-1 for iron, and 0.970 to 0.518 d-1 for manganese). Nickel and zinc are
transferred from water to wetland hydrosoil by dissimilatory sulfate reduction, which is
favored by reducing conditions. With increased mass loading and development of
reducing conditions in the wetland cells, rate coefficients for nickel and zinc increased
from 0.074 to 0.565 d-1 and from 0.196 to 1.08 d-1, respectively. To enhance treatment of
O & G at high concentrations (100 mg/L O & G) in the simulated produced water, an
OWS was added to precede the pilot-scale CWTS. The OWS removed approximately
50% of the O & G, and removal extents and efficiencies for the CWTS series
approximated those observed at 50 mg/L inflow concentration to the series without an
OWS.
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1.0 Introduction
Oilfield produced water (OPW) is defined as water brought to the surface as a
result of oil production (Veil et al., 2004). Twenty-one billion barrels of produced water
were generated in 2007 by on-shore and off-shore facilities with eighty-seven percent
from oil production activities (Clark and Veil, 2009). Composition of OPW varies
widely and is a function of geologic setting and location of the producing formation,
depositional environment of the host formation, depth and age of the well, and type of
hydrocarbon being produced (Veil et al, 2004; Benko and Drewes, 2008). Common
naturally occurring constituents of concern (COCs) that limit the use of OPW include
organic compounds, anions, cations, nitrogen related compounds (nitrate, nitrite, and
ammonia), total dissolved solids (TDS), and total suspended solids (TSS) (Veil et al.,
2004; Benko and Drewes, 2008). The OPW used for this experiment was based on the
composition of an OPW originating from an oilfield located in sub-Saharan Africa that
had oil and grease (O & G), Fe, Mn, Ni, and Zn as COCs (Horner et al. 2011a).
Strategies to manage OPW include underground injection, surface discharge, and
beneficial use (ALL, 2003; Veil et al., 2004; Benko and Drewes, 2008). Beneficial use of
OPW is attractive in regions where water demand surpasses water supply (Veil et al.,
2004). Some types of beneficial water use are livestock watering, irrigation, internal
reuse, aquaculture, wildlife habitat, dust control, and aquifer recharge (ALL, 2003; Veil
et al., 2004). Beneficial use of OPW becomes an option when COCs can be treated to
acceptable or required levels. Constructed wetland treatment systems (CWTSs) are a
potential treatment method for OPW. CWTSs have been utilized to treat a variety of
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waters including wastewater originating from farming practices, acid mine wastewater,
petroleum industry effluents, flue gas desulfurization wastewater, brackish oilfield
produced water, and copper contaminated wastewater (Cronk, 1996; Hawkins et al.,
1997; Barton and Karathanasis, 1998; Knight et al., 1999; Gillespie et al., 2000; Eggert et
al., 2008; Mooney and Murray-Gulde, 2008; Murray-Gulde et al., 2003, 2005, 2008).
CWTSs are robust in nature, have the capacity to treat numerous constituents
simultaneously, and have low associated costs (Rodgers and Castle, 2008). By
manipulating environmental conditions of the CWTS, soil type, and the types of plants,
contaminants can be targeted for removal through biogeochemical processes (transfers or
transformations) (Rodgers and Castle, 2008). Flow patterns in CWTSs include
subsurface flow (SSF; water level maintained below hydrosoil) and free water surface
(FWS; water level maintained above hydrosoil). Previous research (Horner et al., 2011b)
has shown that pilot-scale CWTSs can effectively treat O & G at inflow concentrations
up to 50 mg/L (2.3-5.2 mg/min mass loading). Because CWTSs could be exposed to
greater O & G loadings, data on treatment performance at increased loads of O & G are
needed. The purpose of this investigation was to evaluate a specifically designed pilotscale CWTS for treating OPW with 100 mg/L O & G concentration (mass loading ≥ 5
mg/min). An oil-water separator (OWS), a passive device using gravity separation based
on density differences between oil and water, was incorporated in one of the series. Oil
collected from an OWS has potential to be sold, which could alleviate costs associated
with OPW treatment. Specific objectives of this investigation were: 1) to assess effects
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of O & G mass loadings on treatment performance in pilot-scale SSF and FWS series,
and 2) to evaluate treatment performance of a pilot-scale SSF series containing an OWS.
2.0 Materials and Methods
2.1 Pilot-Scale Constructed Wetland Treatment System
A pilot-scale CWTS designed and constructed in a greenhouse located in
Clemson, SC, was used to assess treatment performance for OPW. The pilot-scale
system was designed based on biogeochemical pathways to decrease aqueous
concentrations of targeted COCs (O & G, Fe, Mn, Ni, Zn) in simulated OPW. Use of
simulated OPW reduces transportation costs associated with using actual OPW and
allows precise control of water composition. Simulated OPW was formulated by
addition of Shell Rotella T® motor oil and high purity salts (FeCl3, MnCl2•4H2O,
NiCl2•6H2O, and ZnCl2 ; Fisher Scientific Inc., Fair Lawn, NJ ) to a 3785-L
polypropylene carboy retention basin containing municipal water. Additional salts
(NaHCO3, MgSO4•7H2O, KNO3, and CaCO3) were added to simulate hardness, pH, and
ionic composition of the OPW. The simulated OPW was formulated based on
composition of a specific OPW studied by Horner et al. (2011a). The simulated OPW
flowed from the retention basin to the first cell of each of three treatment series via Fluid
Metering Inc. (FMI®) piston pumps operating at a flow rate that maintained the targeted
hydraulic retention time (HRT).
Three series were constructed (2 SSF = series A and B, and 1 FWS = series C),
each consisting of four wetland cells. Each cell was contained within a 378 L
Rubbermaid® utility tank, 123 cm long by 64 cm wide by 61 cm deep. Hydrosoil in the
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SSF cells, which utilized vertical flow, was composed of 20 cm of pea gravel (5-10 mm
in diameter) overlain by 40 cm of medium-sized gravel (20-30 cm in diameter) that was
granitic in composition. SSF cells were planted with Phragmites australis (common
reed), a macrophyte native to Sub-Saharan Africa and found throughout temperate and
tropical regions. Cells in the FWS series were filled to a depth of 36 cm with hydrosoil
composed of coarse, well-sorted, quartz sand obtained from 18 Mile Creek near Clemson,
SC. The first cell in the FWS series was planted with Schoenoplectus californicus
(bulrush). The second, third, and fourth cells of the FWS series were planted with Typha
latifolia (cattail).
2.2 O & G Mass Loading and Treatment Performance
The effect of O & G mass loading on treatment performance of CWTS series B
and C was investigated by changing O & G inflow concentration and HRT. O & G was
loaded at 50 mg/L targeted inflow concentration at an inflow rate providing a nominal
4day HRT (24hr for each wetland cell) from August-October 2010, 100 mg/L O & G
at a 4day HRT from October-November 2010 and February-March 2011, and 100 mg/L
O & G at a 2day HRT (12hr for each wetland cell) from March-April 2011. Nominal
O & G mass loadings were 5 mg/min at 50 mg/L inflow concentration and 4day HRT,
10 mg/min at 100 mg/L inflow concentration and 4day HRT, and 20 mg/min at 100
mg/L inflow concentration and 2day HRT.
To determine effects of various O & G loadings on hydrosoil conditions,
oxidation-reduction (redox) potential was measured by placing platinum-tipped redox
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probes in hydrosoil of each cell. Probes remained in-situ for the duration of experiments.
Redox measurements were made against an Accumet® calomel reference electrode using
a Fluke® 77 voltage meter (Faulkner et al., 1989). Hydrosoil oxidation-reduction
potential was measured in September 2010, October 2010, November 2010, March 2011,
and April 2011. Temperature and conductivity of outflow water from the cells were
measured.
General water chemistry parameters (alkalinity, hardness, pH, and dissolved
oxygen) were measured in aqueous samples collected from the series inflow and from
outflow of each cell. Samples were collected in 50mL centrifuge tubes. Dissolved
oxygen concentration and pH were measured using direct instrumentation, and alkalinity
and hardness were measured in accordance with standard methods (APHA, 2005) (Table
1).
To determine the ability of each series to decrease concentrations of O & G,
aqueous samples for measurement of O & G concentration were collected in 1L glass
jars with teflon lined lids from the series inflow and from outflow of each cell. EPA
method 1664 (USEPA, 1999), a gravimetric method involving n-hexane extraction, was
used for O & G analyses. Liquid-liquid extraction was performed using equipment
manufactured by Environmental Express (Mount Pleasant, South Carolina).
Aqueous samples for measurement of Fe, Mn, Ni, and Zn concentrations were
collected in 50-mL centrifuge tubes from series inflow and from outflow of each cell to
determine the ability of each series to decrease concentrations of metals. Metal analyses
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were performed according to EPA method 200.7 (USEPA, 1994) using inductively
coupled plasma-atomic emission spectrometry (ICP-AES; SPECTROFLAME-EOP,
Spectro Analytical Instruments, Kleve, Germany). Due to instrument interferences from
O & G concentrations, samples containing >50 mg/L O & G concentration were diluted
before analysis using ICP-AES.
O & G concentrations were measured in motor oil standards (i.e. known mass of
motor oil in a known volume of water). For every tenth sample analyzed for O & G, O &
G concentration in a matrix spike was measured. To measure O & G concentrations in
the matrix spike, duplicate samples were collected, and 20 mg of motor oil was added to
one of the samples. Both duplicate samples were then analyzed for O & G. Percent
recoveries within 78-114 % for standards and matrix spikes were acceptable (USEPA,
1999). Standard recoveries were measured with a prepared blank and Fe, Mn, Ni, and Zn
standards; standard additions were measured for every tenth sample (USEPA, 1994).
Analyses were considered acceptable if standard recoveries were within ±10 % of
calibration concentrations for individual metals and standard addition percent recoveries
were between 70-130 % (USEPA, 1994).
Removal rate coefficients were calculated for O & G and metals to determine the
effectiveness of each series’ design and to allow for determination of critical design
parameters including HRT. Removal rate coefficients (k) were calculated assuming firstorder rate kinetics (Rousseau et al., 2004; Crites et al., 2006) (Equation 1).
Removal rate coefficient (k) =  ln([C ] /[Co])
t
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Equation 1

where [Co] is the initial inflow concentration (mg/L), [C] is the series outflow
concentration (mg/L), and t is the time (days) corresponding to HRT of the series.
Removal efficiencies, defined as the percent decrease in outflow concentration relative to
inflow concentration, were calculated for O & G and metals using Equation 2.

Removal efficiency (%) = [Co]  [C ] x100
[Co]

Equation 2

where [Co] is the initial inflow concentration (mg/L) and [C] is the outflow concentration
(mg/L). Removal extent is defined as the series outflow concentration, and can be used to
evaluate treatment performance of the system.
2.3 Effect of Adding OWS on Treatment Performance
An OWS was included in SSF series A to investigate its effect on treatment of O
& G at a nominal mass loading of 10 mg/min. To achieve this mass loading, the inflow
concentration O & G was 100 mg/L and HRT was 4 days. The OWS was the initial
treatment step in this series, with the OWS installed between the retention basin and the
first wetland cell. Construction of the OWS was based on an American Petroleum
Institute design (API, 1990) and targeted the oil fraction that can be physically separated
by the difference in specific gravities of oil and water. Dimensions of the OWS were
122cm long by 61cm wide by 33cm deep. Oil removal techniques implemented by
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the OWS included baffles and filtration (Wilkinson et al., 2000). Filtration was achieved
through insertion of Fairfield® Poly-fil in one of the compartments of the OWS.

Series

A was sampled at the inflow and outflow of the OWS and at the outflow of each cell.
General water chemistry parameters and O & G concentration were measured using the
analytical methods described above. Removal rate coefficients and removal efficiency
for O & G were calculated using equations 1 and 2, respectively.
3.0 Results
3.1 Effect of O & G Mass Loading on Treatment Performance
3.1.1 Hydrosoil Conditions and General Water Chemistry
For both the SSF and FWS series, measured redox potential decreased as mass
loading of O & G increased from 5 to 20 mg/min (Table 2). In the first three cells of
each series, conditions became more reducing as mass loading of O & G increased from
5 to 10 mg/min. For all cells in both series, redox potential was lower at 20 mg/min
mass loading than at 10 mg/min mass loading. For example, redox potential in the first
cell of each series ranged from -130 (SSF) to -147 mV (FWS) (n=4) for 20 mg/min
loading and from 115 (SSF) to 98 mV (FWS) (n=8) for 10 mg/min loading. Oxidizing
conditions (>-50 mV; Rodgers and Castle, 2008) were maintained in cell 4 in both series
for all loadings of O & G.
For both the SSF and FWS series, decreases in dissolved oxygen concentration
from series inflow to outflow were greater at 10 mg/min than at 5 mg/min O & G mass
loading (Table 2). In the SSF and FWS series, for 6 of 8 sampling periods, dissolved
oxygen concentrations were greater in cell 1 outflow than in cell 4 outflow. In wetland
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cells of both series, measured conductivity of the water ranged from 162-265 µS/cm, pH
from 6.09-7.24, temperature from 21.7-28.1 ºC, alkalinity from 25-75 mg/L as CaCO3,
and hardness from 21-62 mg/L as CaCO3.
3.1.2 Treatment of O & G
Outflow concentration (removal extent) of O & G was greater, removal rate
coefficient was less, and removal efficiency was less at 10 mg/min O & G mass loading
than at 5 mg/min mass loading for both the SSF and FWS series (Tables 2, 3). Removal
efficiency for both series ranged from 85.3 to 94.4 % (n=8) at 10 mg/min loading
compared to 97.2 to 97.3 % (n=4) at 5 mg/min loading. For both series, removal extent
was greater, removal rate coefficient was approximately equal (within 0.098 (SSF) and
0.243 (FWS)), and removal efficiency was less at 20 mg/min mass loading than at 10
mg/min mass loading. At a mass loading of 20 mg/min, removal efficiency ranged from
68.4 to 70.2 % (n=2) for the SSF series and from 64.2 to 71.2 % (n=2) for the FWS
series. Percent recoveries for measurement of O & G concentration in standards and
matrix spikes were within acceptable range.
3.1.3 Treatment of Metals
For both the SSF and FWS series, with an increase in O & G mass loading from
5 to 10 mg/min, outflow concentrations increased for iron and manganese and decreased
for nickel and zinc (Table 4). In the SSF series, removal efficiency decreased for
manganese and increased for iron, nickel, and zinc (Table 5). With the increase in O & G
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loading from 5 to 10 mg/min to the FWS series, removal efficiency for iron and
manganese decreased and removal efficiency for nickel and zinc increased (Table 5).
For both the SSF and FWS series, outflow concentration (removal extent) of iron,
manganese, nickel and zinc was greater at 20 mg/min mass loading than at 10 mg/min
mass loading. For both series, removal efficiency for all metals was less at 20 mg/min
O & G mass loading than at 10 mg/min (Table 5). Standard recoveries and standard
additions for individual metals were within accepted range.
3.2 Effect on Treatment Performance of adding OWS
In the SSF series (A) containing the OWS, oxidizing conditions were maintained
for all loadings of O & G. The extent of removal of O & G for series A with the OWS
ranged from <1.4-1.9 mg/L (Table 6) compared to 7.9-11.8 mg/L in SSF series B without
an OWS (Table 2), with both series operating at an O & G mass loading of 10 mg/min.
The OWS achieved removal extents ranging from 37.2 to 51.1 mg/L O & G. Removal
rate coefficients for series A ranged from 0.820 to 0.872 d-1, compared to 0.533 to 0.631
d-1 for series B. Removal efficiency for series A ranged from 98.1 to 98.6 %, compared
with 88.1 to 92.0 % for series B operating at 10 mg/min O & G loading and 97.2 to 97.3
% for series B operating at 5 mg/min loading.
4.0 Discussion
Oxygen is consumed as crude oil (i.e. O & G) is aerobically biodegraded (Shin et
al., 1999). In the SSF and FWS series (B and C) operating at an O & G mass loading of
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10 mg/min, dissolved oxygen concentrations in outflow water decreased more in cell 1
(average decrease from cell inflow to outflow = 0.78 mg/L) than in cells 2-4 (average
decrease per cell = 0.17 mg/L, 0.11 mg/L, 0.03 mg/L, respectively), which is attributed to
a greater amount of O & G removed by biodegradation in cell 1 than in cells 2-4 (Table
2). The lower dissolved oxygen concentration in outflow of cell 4 of each series at O &
G loading of 20 mg/min compared to 10 mg/min is interpreted to be a result of the
greater amount of oxygen consumed by biodegradation at the higher mass loading.
A change from oxidizing (>-50 mV) to reducing (≤-50 mV) conditions in the
hydrosoil occurred in both the SSF and FWS series as O & G loading increased from 10
to 20 mg/min (Figure 1). Wetland cells exposed to the greatest mass loading of O & G
(i.e. cell 1 in both series) experienced the greatest decreases in reduction-oxidation
potential through the duration of the experiment. This result confirms the prediction by
Pham et al. (2011) that an increase in mass loading of O & G to the CWTS would result
in a change from oxidizing to reducing conditions, with the greatest reduction in redox
potential occurring in the upstream cells. In the study by Horner et al. (2011b), reducing
conditions were not readily attained in the CWTS; however, nominal O & G loading in
that study did not exceed 5 mg/min. The change from oxidizing to reducing conditions
in the hydrosoil with increased mass loading occurring in both the SSF series (cells 1 &
2) and FWS series (cells 1, 2, and 3) resulted in decreased removal efficiency of O & G
from the water column (Figure 2). As redox potential decreased from +115 to +10 mV in
cell 1 of the SSF series at constant O & G loading of 10 mg/min, O & G outflow
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concentrations increased from 30.4 to 43.3 mg/L over a period of five months. O & G
outflow concentrations increased from 21.4 to 60.3 mg/L as redox decreased from +98 to
-91 mV in cell 1 of the FWS series at constant O & G loading of 10 mg/min over a
5month period.
Nickel and zinc can be transferred from water to wetland hydrosoil by the
formation of sulfide minerals as sulfate is reduced, which is favored by reducing
conditions (Machemer and Wildeman, 1992; Kosolapov et al., 2004). Removal of nickel
and zinc was enhanced in both the SSF and FWS series with the change from oxidizing to
reducing conditions coincident with increased mass loading (Figure 3). For both the SSF
series and FWS series, the greater removal efficiencies and removal coefficients for
nickel and zinc at 10 mg/min O & G loading compared to 5 mg/min loading (Table 5)
are interpreted as the result of lower redox potential promoted by O & G loading. The
greater removal extents for nickel and zinc observed at 20 mg/min loading compared to
10 mg/min loading are attributed to shorter HRT for the 20 mg/min loading. The
greater removal efficiencies for iron (FWS series) and manganese (SSF and FWS series)
observed with higher redox potentials during 5 mg/min O & G loading compared with
10 mg/min are consistent with removal of iron and manganese via oxidative pathways
(Benjamin and Leckie, 1981; Rodgers and Castle, 2008). Removal extent of nickel, zinc,
and manganese was lower in the SSF series compared to the FWS series at each loading
of O & G. At 5 and 10 mg/min O & G loading, iron removal extent was lower in the
SSF series than the FWS series.
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Results of this study demonstrate the importance of functional conditions, such as
redox potential, in promoting biogeochemical processes for effective treatment in
CWTSs and are applicable to the design and construction of full-scale systems. Redox
conditions in CWTSs can be adjusted as needed based on characteristics of the water
being treated and treatment goals. This pilot-scale study demonstrated that O & G content
decreased as water moved through the CWTS, which helped maintain oxidizing
conditions in downstream cells. The mass loading of O & G to a CWTS depends on O &
G concentration in the inflow water and the rate at which water enters the system, which
can be controlled by adjusting the inflow rate. To promote reducing conditions, which are
needed to treat constituents such as Ni and Zn through dissimilatory sulfate reduction and
production of sulfides, loading of O & G can be increased by decreasing HRT in a fullscale CWTS, as was done in our pilot-scale study. Alternatively, organic carbon
amendments such as plant litter can be added to cells to promote reducing conditions.
Oxidizing conditions in a CWTS are favorable for biodegradation of O & G and for
transfer of metals (e.g., Fe and Mn) that form metal oxides. To promote oxidizing
conditions in a CWTS, inflow rate of water containing O & G can be decreased, thus
increasing HRT and decreasing O & G mass loading. Alternatively, aeration or rock
cascades can be added to a CWTS to promote oxidizing conditions. These design
parameters and others, such as hydrosoil composition (i.e. particle size and organic
content) and plant selection (i.e. plants that contribute to either oxidizing conditions or
reducing conditions in the hydrosoil), can be incorporated in the construction of full-scale
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CWTSs to promote the biogeochemical processes needed for effective treatment of COCs
in a specific water.
Published data on continuous O & G mass loading to a CWTS are sparse. Knight
et al. (1999) suggested contaminant removal in constructed wetlands is dependent on
hydraulic loading and inflow concentration of constituents. Further, the authors stated
that reductions of biochemical oxygen demand (BOD) are more significant at high inflow
concentrations of BOD compared to low inflow concentrations of BOD. Results from
this study support the hypothesis that contaminant removal is dependent on hydraulic
loading and inflow concentration of constituents. Increased mass loading of O & G
resulted in decreased removal of O & G from OPW. However, the hypothesis set forth
by Knight et al. (1999) that O & G removal rate should increase with increased mass
loading of O & G is disputed by data in this study. Implicit in the hypothesis that O & G
removal rate should increase with increased mass loading of O & G is the assumption
that environmental conditions remain constant throughout loading. Redox data indicate
that O & G mass loading changed environmental conditions in wetland cells. This
change in conditions affected removal of not only O & G, but also nickel, zinc, iron, and
manganese. It is not unreasonable to expect a similar change in environmental conditions
in a full scale CWTS when O & G mass loading is concordant with loadings in these
experiments. While removal rates are useful for predicting the ultimate surface area and
overall footprint of a full-scale CWTS, extents of removal are critical for outflows with
risk-based discharge limits. Therefore, it is important to examine removal extents, as well
as removal rate coefficients, when using pilot-scale data to design a full-scale CWTS.
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5.0 Conclusions
Concentrations of O & G and metals in simulated OPW decreased during
treatment in both the SSF and FWS series in the pilot-scale CWTS. O & G loading
influenced wetland hydrosoil conditions (redox) and treatment performance of O & G
and metals in simulated OPW. Development of reducing conditions as mass loading of O
& G was increased enhanced the removal of nickel and zinc from OPW. Removal of O
& G, which is favored by oxidizing conditions, declined through the duration of the
experiments in the SSF and FWS series. Removal percentage of manganese declined
through the duration of the experiment in both series, and iron removal declined in the
FWS series. The SSF series with an OWS demonstrated that at 10 mg/min O & G
loading, removal efficiencies can exceed those observed at a 5 mg/min O & G loading
without an OWS. At 10 mg/min O & G loading, removal extents were lower in the SSF
series with an OWS compared to the SSF series without an OWS.
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List of Figure Captions
Figure 1. Reduction-oxidation potential (Eh) measured in hydrosoil of wetland cells: A.)
series B (SSF); B.) series C (FWS). O & G mass loading was 10 mg/min from 3/7/11 to
3/28/11 and  20 mg/min from 3/28/11 to 4/11/11. Decrease in redox with time, with the
greatest decrease in redox in the upstream cells, is attributed to the loading of O & G
from the inflow water as predicted by Pham et al. (2011).

Figure 2. O & G concentration vs. HRT. A.) Series B (SSF), B.) Series C (FWS). O & G
concentration at HRT = 0 is for series inflow; concentrations at other HRTs are for cell
outflows. Squares = 5 mg/min O & G loading (50 mg/L inflow concentration and 4 day
HRT); circles = 10 mg/min loading (100 mg/L inflow concentration and 4 day HRT);
triangles = 20 mg/min loading (100 mg/L inflow concentration and 2 day HRT).
Outflow concentration from the final cell of each series (removal extent) is higher for 10
mg/min loading than for 5 mg/min loading. Removal extent is higher for 20 mg/min
loading than for 10 mg/min loading.

Figure 3. Metal concentrations measured in wetland cells of series B (SSF) and C
(FWS): A.) series B, iron; B.) series C, iron; C.) series B, manganese; D.) series C,
manganese; E.) series B, nickel; F.) series C, nickel; G.) series B, zinc; H.) series C, zinc.
After O & G mass loading was increased from 5 to 10 mg/min, outflow concentration
(removal extent) of manganese increased in both series, and iron outflow concentration
increased in series C. Outflow concentration of nickel and zinc decreased as inflow

28

concentration of O & G increased in both series B and C. Outflow concentrations of all
four metals increased after mass loading was increased from 10 to 20 mg/min, which is
attributed to shorter HRT during 20 mg/min loading.
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Table 1. Analytical methods for general water chemistry parameters and COCs.
Parameter
Method
Method Detection Limit
Temperature
Direct Instrumentation: YSI Model 52
0.5oC
pH
Direct Instrumentation: Orion Model
0.01 s.u.
420A
Conductivity Direct Instrumentation: YSI 30
0.1 μS/cm
Alkalinity
Standard Methods: 2320 B (APHA, 2005) 2 mg/L as CaCO3
Hardness
Standard Methods: 2340 C (APHA, 2005) 2 mg/L as CaCO3
Dissolved
Direct Instrumentation: YSI Model 52
0.1 mg/L
Oxygen
Redox
Standard Voltmeter, Accumet® calomel
Potential
reference electrode and in-situ platinum± 10mV
tipped electrodes (Faulkner et.al, 1989)
Oil & Grease EPA Method 1664 (USEPA, 1999)
1.4 mg/L
Iron
EPA Method 200.7 (USEPA, 1994)
0.0062 mg/L
Manganese
EPA Method 200.7 (USEPA, 1994)
0.0014 mg/L
Nickel
EPA Method 200.7 (USEPA, 1994)
0.0015 mg/L
Zinc
EPA Method 200.7 (USEPA, 1994)
0.0018 mg/L
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Table 2. Redox potential (mV), dissolved oxygen (D.O.) concentrations (mg/L), and inflow and outflow concentrations of O
& G (mg/L) at different mass loadings of O & G for series B and C.
9/27/10* 10/11/10*
10/25/10* 11/8/10* 3/14/11* 3/21/11*
4/4/11* 4/11/11*
52.3
49.8
98.7
96.9
101.2
99.3
103.5
98.6
O & Ginflow (mg/L)
O & G loading (mg/min)
FWS series
5.45
5.19
10.28
10.10
10.55
10.35
21.57
20.55
SSF series
4.72
4.50
8.91
8.75
9.14
8.97
18.69
17.81
Redox Potential (mV)
FWS series
Cell 1
115
123
98
69
37
-91
-110
-147
Cell 2
25
-10
20
-30
51
-10
-51
-91
Cell 3
65
59
49
-15
43
19
-67
-49
Cell 4
112
85
72
83
87
75
65
72
SSF series
Cell 1
159
151
115
73
-5
10
-105
-130
Cell 2
60
78
67
-34
37
-24
-62
-71
Cell 3
49
-15
-47
-23
63
39
22
-32
Cell 4
79
78
118
81
115
87
97
81
7.87
7.59
7.99
7.75
7.43
7.88
8.49
8.24
D.O.inflow (mg/L)
D.O.outflow (mg/L)
FWS series
Cell 1
7.11
6.91
6.34
6.12
6.43
5.45
7.13
7.14
Cell 2
7.19
6.72
6.01
6.26
6.79
5.22
7.45
7.46
Cell 3
6.85
6.55
6.15
6.01
6.99
5.61
7.02
7.02
Cell 4
6.69
6.42
6.22
5.81
6.55
5.53
5.62
5.23
SSF series
Cell 1
6.99
6.78
6.05
5.61
5.98
5.90
7.84
6.52
Cell 2
6.69
6.50
6.23
5.75
6.15
6.12
7.29
6.49
Cell 3
6.58
6.66
6.37
5.50
6.33
5.86
7.32
5.99
Cell 4
6.71
6.71
6.29
6.04
5.84
5.42
5.32
4.52
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Table 2 (continued).
O & Goutflow (mg/L)
FWS series
Cell 1
11.5
9.1
Cell 2
7.2
9.8
Cell 3
3.3
5.3
Cell 4
nd
nd
SSF series
Cell 1
10.4
13.1
Cell 2
4.7
5.9
Cell 3
2.9
4.1
Cell 4
nd
nd
nd = below detection limit of O & G
* = Sampling date
HRT = 2 days for 4/4/11 and 4/11/11; 4 days for all others

21.4
15.3
12.0
5.5

19.8
12.1
8.3
6.7

55.8
29.4
14.7
8.1

60.3
49.1
35.2
14.6

87.6
75.2
67.1
29.8

79.2
81.1
70.2
35.3

30.4
19.2
13.3
7.9

35.1
21.3
18.2
8.5

34.2
22.9
19.1
9.9

43.3
27.9
22.1
11.8

77.2
67.4
55.2
30.8

74.3
70.9
68.5
31.2
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Table 3. Treatment performance for FWS and SSF series (both without OWS) and for SSF series with OWS. Mean (and range)
Mass loading1
O & G inflow conc.
Removal extent
Removal
Rate coeff. (d-1)
(mg/min)
(mg/L)
(mg/L)
efficiency (%)
FWS series 5.32 (5.19-5.45)
51.1 (49.8-52.3)
1.4 (1.4-1.4)
97.3 (97.2-97.3)
0.899 (0.893-0.905)
10.32 (10.10-10.55) 99.0 (96.9-101.2)
8.7 (5.5-14.6)
91.2 (85.3-94.4)
0.625 (0.479-0.722)
21.06 (20.55-21.57) 101.1 (98.6-103.5)
32.6 (29.8-35.3)
67.7 (64.2-71.2)
0.569 (0.514-0.623)
SSF series
4.61 (4.50-4.72)
51.1 (49.8-52.3)
1.4 (1.4-1.4)
97.3 (97.2-97.3)
0.899 (0.893-0.905)
8.94 (8.75-9.14)
99.0 (96.9-101.2)
9.5 (7.9-11.8)
90.4 (88.1-92.0)
0.588 (0.533-0.631)
18.25 (17.81-18.69) 101.1 (98.6-103.5)
31.0 (30.8-31.2)
69.3 (68.4-70.2)
0.591 (0.575-0.606)
SSF series
8.87 (8.60-9.14)
98.2 (95.2-101.2)
1.5 (1.4-1.9)
98.4 (98.1-98.6)
0.841 (0.820-0.872)
w/ OWS
1
= mass loading was greater for FWS than for SSF series because inflow rate (vol/time) was greater for FWS due to greater
water volume in the cell (i.e. needed to achieve same HRT in both FWS and SSF)
Number of sampling periods = 4 for 10 mg/min loading in FWS and SSF series; 2 for all others
HRT = 2 days for 20 mg/min loading in FWS and SSF series; 4 days for all others
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Table 4. Inflow and outflow concentrations (mg/L) of metal COCs for series B (SSF) and C (FWS).
10/11/10*
3/21/11*
4/11/11*
O & G Loading (mg/min)
FWS series
5.19
10.35
20.55
SSF series
4.50
8.97
17.81
O & G Inflow Conc. (mg/L)
49.8
99.3
98.6
Iron
Inflow Conc.
0.311
0.431
0.420
Outflow Conc.FWS series
Cell 1
0.101
0.199
0.301
Cell 2
0.075
0.081
0.281
Cell 3
0.069
0.101
0.283
Cell 4
0.036
0.053
0.142
Outflow Conc.SSF series
Cell 1
0.060
0.150
0.328
Cell 2
0.040
0.100
0.274
Cell 3
0.018
0.030
0.291
Cell 4
0.014
0.019
0.170
Manganese Inflow Conc.
1.247
1.314
1.202
Outflow Conc.FWS series
Cell 1
0.503
0.700
1.013
Cell 2
0.402
0.549
1.030
Cell 3
0.126
0.421
0.949
Cell 4
0.026
0.150
0.426
Outflow Conc.SSF series
Cell 1
0.142
0.400
1.062
Cell 2
0.021
0.305
0.991
Cell 3
0.010
0.271
0.527
Cell 4
0.009
0.010
0.202
Nickel
Inflow Conc.
1.212
1.360
1.291
Outflow Conc.FWS series
Cell 1
1.199
0.809
0.946
Cell 2
0.932
0.477
0.810
Cell 3
0.933
0.244
0.403
Cell 4
0.901
0.220
0.417
Outflow Conc.SSF series
Cell 1
0.751
0.252
0.809
Cell 2
0.676
0.140
0.572
Cell 3
0.312
0.045
0.180
Cell 4
0.303
0.035
0.163
Zinc
Inflow Conc.
5.71
5.89
5.33
Outflow Conc.FWS series
Cell 1
4.99
2.11
3.39
Cell 2
3.11
0.598
0.889
Cell 3
3.02
0.126
0.611
Cell 4
2.61
0.103
0.589
Outflow Conc.SSF series
Cell 1
4.09
1.93
2.69
Cell 2
3.22
0.258
0.837
Cell 3
0.986
0.111
0.453
Cell 4
0.634
0.094
0.423
* = Sampling Date
HRT = 4 days for 10/11/10, 3/21/11; 2 days for 4/4/11
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Table 5. Metal removal extents, efficiencies, and rate coefficients.
O&G
Inflow
Sampling
*Extent
Metal
Series Loading
Conc.
Date
(mg/L)
(mg/min)
(mg/L)
Nickel
10/11/10 SSF
4.50
1.212
0.303
FWS
5.19
1.212
0.901
3/21/11
SSF
8.97
1.360
0.035
FWS
10.35
1.360
0.220
4/11/11
SSF
17.81
1.291
0.163
FWS
20.55
1.291
0.417
Zinc
10/11/10 SSF
4.50
5.71
0.634
FWS
5.19
5.71
2.61
3/21/11
SSF
8.97
5.89
0.094
FWS
10.35
5.89
0.103
4/11/11
SSF
17.81
5.33
0.423
FWS
20.55
5.33
0.589
Iron
10/11/10 SSF
4.50
0.311
0.014
FWS
5.19
0.311
0.036
3/21/11
SSF
8.97
0.431
0.019
FWS
10.35
0.431
0.053
4/11/11
SSF
17.81
0.420
0.170
FWS
20.55
0.420
0.142
Manganese
10/11/10 SSF
4.50
1.247
0.009
FWS
5.19
1.247
0.026
3/21/11
SSF
8.97
1.314
0.010
FWS
10.35
1.314
0.150
4/11/11
SSF
17.81
1.202
0.202
FWS
20.55
1.202
0.426
*Extent = concentration in series outflow
HRT = 4 days for 10/11/10, 3/21/11; 2 days for 4/11/11
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Removal
(%)
75.0
25.6
97.4
83.8
87.4
67.7
88.9
54.3
98.4
98.3
92.1
88.5
95.5
88.6
95.7
87.7
59.5
66.2
99.3
97.9
99.2
88.6
83.2
64.5

Rate Coef.
(d-1)
0.346
0.074
0.913
0.455
1.04
0.565
0.549
0.196
1.03
1.01
1.27
1.08
0.773
0.544
0.786
0.523
0.452
0.542
1.24
0.970
1.22
0.542
0.891
0.518

Table 6. Inflow and outflow concentrations of O & G for pilot-scale SSF
series with OWS.
Sampling Date
9/20/10
10/4/10
3/14/11
4/4/11
O & G loading (mg/min)
8.78
9.14
8.60
8.95
Inflow (mg/L)
97.2
101.2
95.2
99.1
Outflow (mg/L)
OWS
37.2
45.9
41.6
51.1
Cell 1
17.8
18.1
24.1
22.9
Cell 2
5.8
9.8
10.3
13.2
Cell 3
nd
4.3
3.5
6.4
Cell 4
nd
nd
nd
1.9
nd = below detection limit of O & G
HRT = 4 days
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Abstract
Seed germination and early seedling growth bioassays were used to evaluate
phytotoxicity of untreated simulated oilfield produced water (OPW) and treated OPW.
Simulated OPW containing iron, manganese, nickel, zinc, and oil and grease was treated
in a subsurface-flow, pilot-scale constructed wetland treatment system (CWTS). The
objectives of this investigation were to: 1) compare phytotoxicity between untreated and
treated OPW, and 2) compare responses among seven plant species to untreated and
treated OPW. The plant species evaluated included: three monocotyledons, corn (Zea
mays), millet (Panicum miliaceum), and sorghum (Sorghum bicolor); and four
dicotyledons, lettuce (Lactuca sativa), okra (Abelmoschus esculents), watermelon
(Citrullus lanatus), and soybean (Glycine max). The pilot-scale CWTS effectively
reduced constituents of concern (COCs) in OPW. Phytotoxicity was greater in simulated
untreated OPW than in treated OPW. Most probable sources of phytotoxicity were
concentrations of metals (iron, manganese, nickel, and zinc) and deficiencies in essential
nutrients. Exposures to untreated and treated OPW enhanced growth in some plant
species (sorghum, millet, okra, and corn) relative to a negative control and reduced
growth in other plant species (lettuce, soybean, and watermelon). Early seedling growth
parameters indicate dicotyledons (lettuce, soybean, and watermelon) were more sensitive
to test waters compared to monocotyledons (corn, millet, and sorghum), suggesting that
morphological differences between plant species affect phytotoxicity. Results indicate
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the following sensitivity scale for plant species: lettuce > soybean > watermelon > corn>
okramillet >sorghum.
1.0 Introduction
As world population increases and water resources decrease, innovative practices
will be used to maintain viable water sources. Demand for fresh, usable water is most
apparent in economically challenged regions that are often located in arid climates. In
recent years production of oil in Sub-Saharan Africa has generated thousands of barrels
of oilfield produced water (OPW). OPW is defined as water that is brought to the surface
as a result of oil production (Veil et al., 2004). Composition of OPW varies widely and is
a function of geologic setting and location of the producing formation, depositional
environment of the host formation, depth and age of the well, and type of hydrocarbon
being produced (Veil et al, 2004; Benko and Drewes, 2008). If water produced from
oilfields in sub-Saharan Africa can be treated, this large volume of water has the potential
for use in irrigation, which could augment inadequate existing water resources.
Constructed wetland treatment systems (CWTSs) are a potential treatment method
for OPW. CWTSs have been utilized to treat a variety of wastewaters including water
originating from farming practices, acid mines, petroleum industry processes, flue gas
desulfurization wastewater, brackish oilfield produced water, and copper contaminated
water (Cronk, 1996; Hawkins et al., 1997; Barton and Karathanasis, 1998; Knight et al.,
1999; Gillespie et al., 2000; Eggert et al., 2008; Mooney and Murray-Gulde, 2008;
Murray-Gulde et al., 2003, 2005, 2008). CWTSs are robust in nature, have the capacity
to treat numerous constituents simultaneously, and have low associated costs compared to
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other treatment methods (Rodgers and Castle, 2008). By manipulating environmental
conditions of the CWTS, soil type, and the types of plants, contaminants can be targeted
for removal through biogeochemical processes (transfers or transformations) (Rodgers
and Castle, 2008). An existing pilot-scale CWTS achieving acceptable levels of chemical
treatment (treatment of concentrations of constituents of concern (COCs) below irrigation
water use guidelines) provided an opportunity to examine differences in phytotoxicity
between untreated and treated simulated OPW. Elements or compounds are deemed
COCs when concentrations are above specific water use guidelines such as for irrigation.
Simulated OPW used in this investigation was based on characterization by Horner et al.
(2011) of water produced from specific sub-Saharan oil fields. This OPW has low ionic
strength (704-1,370 mg/L total dissolved solids). Horner et al. (2011) identified oil and
grease (O & G), iron, manganese, nickel, and zinc as constituents of concern (COCs) in
the OPW.
To be used for irrigation, water must be suitable for seed germination and plant
growth. Concentrations of COCs may be below guideline concentrations, but only
through biological monitoring can one reveal possible synergistic effects of multiple
constituents in complex mixtures such as OPW (Belin et al., 2000; Banks and Schultz,
2005). Therefore, this research utilized phytotoxicity tests to determine if OPW was
potentially suitable for irrigation, rather than comparison of OPW chemical
characteristics to irrigation guideline concentrations. Seed germination and early growth
bioassays were used to evaluate potential phytotoxicity of an OPW from specific oilfields
in sub-Saharan Africa before and after treatment in a pilot-scale CWTS. In this study,
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test waters were considered phytotoxic if plant health was visually affected (wilting of
plant, discoloration of plant, necrosis) or measured quantitatively (decreased seed
germination percentage, shoot elongation, root elongation, fresh mass, and dry mass).
Specific objectives of this investigation were to: 1) compare phytotoxicity between
untreated and treated simulated OPW and 2) compare responses among different plant
species to untreated and treated simulated OPW.
2.0 Materials and Methods
2.1 Pilot-Scale CWTS and Simulated OPW
A subsurface-flow (SSF), pilot-scale CWTS designed and constructed by Pham et
al. (2011) was used for the experiments. This system was designed based on
biogeochemical pathways to reduce aqueous concentrations of targeted COCs (O & G,
Fe, Mn, Ni, Zn) in simulated OPW. The CWTS was a SSF system that consisted of four
wetland cells aligned in series. Each cell was contained within a 378L Rubbermaid®
utility tank, 123 cm long by 64 cm wide by 61 cm deep. Hydrosoil in cells was
composed of 20 cm of pea gravel (5-10 mm in diameter) overlain by 40 cm of mediumsized gravel (20-30 cm in diameter), which was granitic in composition. Cells were
planted with Phragmites australis (common reed), a macrophyte native to Sub-Saharan
Africa. The system was loaded with simulated OPW at an inflow rate providing a 4day
hydraulic retention time (HRT) (24-hr for each wetland cell). Use of simulated OPW
reduces transportation costs associated with using actual OPW and allows precise control
of water composition. Simulated OPW was formulated by addition of Shell Rotella T®

44

motor oil and high purity salts (Fisher Scientific Inc., Fair Lawn, NJ) of FeCl3,
MnCl2•4H2O, NiCl2•6H2O, and ZnCl2 to a 3785-L polypropylene carboy retention basin
containing municipal water from Clemson, SC. Additional salts (NaHCO3,
MgSO4•7H2O, KNO3, and CaCO3) were added to simulate hardness, pH, and ionic
composition of OPW. Nominal ion concentrations (mg/L) were 9.56 Cl, 6.14 Ca, 1.3
Mg, 15.5 K, 18.0 Na, 14.9 CO32-, 38.4 HCO3-, and 3.2 SO42-. Simulated OPW flowed
from the retention basin to the first cell of the pilot-scale CWTS via Fluid Metering Inc.
(FMI®) piston pumps operating at a constant flow rate.
General water chemistry parameters (temperature, pH, conductivity, alkalinity,
hardness, and dissolved oxygen concentration), O & G concentration, and concentrations
of metals (iron, manganese, nickel, and zinc) were measured in treated and untreated
waters to verify exposures. Untreated OPW was collected from the retention basin, and
treated OPW was collected from outflow of the fourth (final) wetland cell. Aqueous
samples for measurement of general water chemistry parameters and metal
concentrations were collected in 50-mL centrifuge tubes. Samples analyzed for O & G
concentration were collected in 1-L glass jars with teflon-lined lids to minimize sorption
of O & G to the collection containers. Water samples for the phytotoxicity tests were
collected in 1-L glass bottles. Temperature, pH, conductivity, and dissolved oxygen
concentration were measured using direct instrumentation, and alkalinity and hardness
were measured in accordance with standard methods (APHA, 2005) (Table 1). EPA
method 1664 (USEPA, 1999), which is a gravimetric method involving n-hexane
extraction, was used for measuring O & G concentration employing equipment
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manufactured by Environmental Express (Mount Pleasant, South Carolina). Metal
concentrations were measured according to EPA method 200.7 (USEPA, 1994) using
inductively coupled plasma-atomic emission spectrometry (ICP-AES;
SPECTROFLAME-EOP, Spectro Analytical Instruments, Kleve, Germany).
Quality assurance and quality control (QA/QC) for ICP-AES metal analyses
involved a standard recovery and standard addition every ten samples. If standard
recoveries were within ±10 % of calibration concentrations for metals and standard
addition percent recoveries were between 70-130 %, analyses were considered acceptable
(USEPA, 1994). For O & G analyses, QA/QC was confirmed by measurement of motor
oil standards and matrix spikes every ten samples. Percent recoveries within 78-114 %
for standards and matrix spikes were considered acceptable (USEPA, 1999).
2.2 Phytotoxicity Testing
Effects of OPW on seed germination and early seedling growth were determined
using OECD (2003) methods, with slight modifications to compare phytotoxicity
between untreated and treated OPW and to compare responses among plant species
(Table 2).

Plant species were selected for experimentation based on agricultural

importance in sub-Saharan Africa (FAOSTAT, 2011), sensitivity, availability, physical
differences (seed size) and potential differences in morphology (monocotyledons and
dicotyledons). Species selected were three monocotyledons, corn (Zea mays), millet
(Panicum miliaceum), and sorghum (Sorghum bicolor); and four dicotyledons, lettuce
(Lactuca sativa), okra (Abelmoschus esculents), watermelon (Citrullus lanatus), and
soybean (Glycine max). The sub-Saharan site of this investigation is located in an area of
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savanna, with the land surface covered by a mixture of tropical and subtropical grasses
and scattered trees. A rainy season lasts from April to October followed by a dry season
from November to March. All species selected for evaluation grow well enough in this
climate to be food crops (FAOSTAT, 2011).
Two test waters (simulated untreated OPW, treated OPW), one negative control
water (Clemson, SC municipal water), one test growth substrate (quartz sand), and one
negative control test growth substrate (Miracle Grow® potting soil) were used in this
experiment. Quartz sand was used as the test growth substrate to comply with accepted
methods (USEPA, 1996; OECD, 2003) and to maximize bioavailability of COCs. Each
plant species was exposed to the following treatments: 1) untreated OPW in quartz sand;
2) treated OPW in quartz sand; 3) municipal water in quartz sand; and 4) municipal water
in potting soil. The experimental design constrained effects on early seedling growth due
to COCs by comparison of results from treatments 1, 2, and 3; all variables but water
were kept constant in these treatments. Treatment 4, which utilized potting soil with
sufficient nutrients, provided confirmation of seed viability. Observed seed germination
percentages in treatment 4 were compared to the following minimum standard
germination percentages: 75% for corn, 75% for millet, 75% for sorghum, 80% for
lettuce, 50% for okra, 70% for watermelon, and 75% for soybean (SCCOR, 2011).
Phytotoxicity resulting from nutrient deficiencies in quartz sand was estimated by
comparing seed germination and early seedling growth parameter values for each plant in
treatments 3 and 4. All variables but growth substrate were kept constant in treatments 3
and 4.
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Experiments, including treatment in the CWTS and phytotoxicity testing, were
performed in a climate-controlled greenhouse located in Clemson, SC. Temperatures
through the duration of the experiment were 25 ± 5 º C. Soils were dispensed into
molded plastic containers 10cm deep and 11cm diameter. Depending on their size, 5
to 15 seeds were placed 1-2 cm below the soil surface in each container. Seed cultures
were exposed to natural light/dark cycles in the greenhouse; no artificial lighting was
used. Seedlings were watered daily to keep the soil moist. Indicators of phytotoxicity
(chlorosis, stunted growth, and browning of leaves) were observed and recorded daily
throughout the experiment.
On the twenty-first day following planting, seedlings were harvested, and the
following parameters were measured: 1) seed germination percentage, 2) root elongation,
3) shoot elongation, 4) fresh mass of seedling, and 5) dry mass of seedling (dried for 24
hours at 80ºC). Seedlings from each container were removed as a group; the roots were
then gently rinsed using water to remove soil particles. Seed germination percentage was
calculated for all plant species (Equation 1).

Seed germination % =
Equation 1
Root and shoot elongation were measured with a ruler. An analytical balance capable of
weighing 0.0001 gram was used to measure mass. Root elongation was not measured for
millet, lettuce, and watermelon due to the fibrous root structure of these species.
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2.3 Data Analysis
Phytotoxicity of untreated and treated OPW was compared using analysis of
Variance (ANOVA) and Tukey’s tests. Coupled, these tests determined differences in
mean values of early seedling growth parameters (root elongation, shoot elongation, fresh
mass, and dry mass) between treatments 1, 2, and 3. Early seedling growth parameters
were checked for equal variances with the F test using Microsoft® Excel. The normal
probability plot was used in Statistical Analysis System (SAS Institute, 2002) to check
for normality. ANOVA analyses were performed using Statistical Analysis System (SAS
Institute, 2002). To determine which treatments were statistically different from one
another, Tukey’s tests were carried out using Statistical Analysis System (SAS Institute,
2002). In addition to the above quantitative tests, visually observed early seedling
growth parameters were compared qualitatively to assess differences in phytotoxicity
between untreated and treated OPW. To estimate phytotoxicity of quartz sand, T-tests
using Microsoft® Excel were performed to determine whether means between treatments
3 and 4 were statistically different. T-tests were used when only two sample sets were
compared (for example, treatment 3 with treatment 4). The alpha level for all statistical
tests was set at 0.05.
A sensitivity scale was formulated from comparison of responses among plant
species to untreated and treated OPW. Based on calculated statistical differences (using
ANOVA and Tukey’s tests) among values of early seedling growth parameters including
root elongation, shoot elongation, fresh mass and dry mass, a sensitivity scale was
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developed by ranking plant species on a relative scale of negative sensitivity to test
waters. A mean value of a specific early growth parameter (i.e. fresh mass) determined to
be statistically larger by Tukey’s tests in test waters compared to negative control water
indicated low sensitivity; a mean value of a specific early growth parameter determined
to be lesser by Tukey’s test in test waters compared to negative control water indicated
high sensitivity. The degree of sensitivity for a specific plant was based on the number of
early growth parameters that were statistically different in test waters than in negative
control water. For example, if two early growth parameters were less in test waters
compared to negative control water for corn and all four early growth parameters were
less in test waters compared to negative control water for okra, okra would be considered
more sensitive. Seed germination percentages were not used for developing the
sensitivity scale because differences in seed germination percentages among plant species
do not necessarily indicate differences in sensitivity (Meyer et al., 1973).
3.0 Results
3.1 Viability of seeds and nutrient phytotoxicity
In the municipal water and potting soil treatment, germination percentage of corn,
millet, sorghum, lettuce, and soybean was ≥90% (Table 3). Watermelon germination was
84%, and okra germination was 63%. Germination percentages for all plant species were
greater than minimum germination percentages (SCCOR, 2011), which confirmed seed
viability.
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With exposure to municipal water, the following were statistically greater for the
potting soil substrate than for the quartz sand substrate, indicating possible nutrient
deficiencies in the quartz sand: shoot elongation, fresh mass, and dry mass for all plant
species; and root elongation for okra. Soybean root elongation was greater in the
municipal water and quartz sand treatment compared to the municipal water and potting
soil treatment.
3.2 Comparison of phytotoxicity between untreated and treated OPW
Characteristics of the untreated and treated waters used for phytotoxicity tests are
listed in Table 1. Among treatments in quartz sand with untreated OPW, treated OPW,
and municipal water, percent germination of seeds ranged from 84-88% for lettuce, 7791% for soybean, 48-55% for watermelon, and 33-45% for okra (Table 3). Percent
germination of corn, millet, and sorghum seeds ranged from 89 to 97%. Percent seed
germination was greatest for millet and okra in the untreated water; corn, sorghum, and
lettuce in the treated water; and soybean and watermelon in the municipal water (negative
control). Germination percentages were greater for monocotyledons (corn, millet, and
sorghum) than for dicotyledons (lettuce, okra, soybean, and watermelon) in untreated and
treated OPW.
Early seedling growth results, including statistical analysis, indicate that
phytotoxicity of untreated OPW is greater than that of treated OPW. Using quartz sand
as the substrate, statistical differences between untreated OPW, treated OPW, and
municipal water were found in at least one early seedling growth parameter for each plant
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species (Table 3, Figures 1-2). Values of some early seedling growth parameters (i.e.
fresh and dry mass for corn, shoot elongation and fresh mass for lettuce, and root
elongation for soybean) were greater for treated OPW than for untreated OPW. Shoot
elongation, root elongation, and fresh mass for only one plant species (okra) were greater
in untreated OPW compared to treated OPW. No statistical difference in early seedling
growth parameters was observed between test waters for millet, sorghum, and
watermelon. No value of early growth parameters for monocotyledon seedlings was
greater for untreated OPW than for treated OPW. Chemical analyses indicated that
concentrations of metals (iron, manganese, nickel, and zinc) and O & G were higher in
the untreated OPW than in the treated OPW (Table 1). There were no apparent
differences in phytotoxicity indicators (root necrosis, browning or wilting of leaves,
stunted growth) observed visually between untreated and treated OPW for any of the
plant species (Table 4).
3.3 Comparison of phytotoxicity among plant species
For monocotyledons, the following were greater in test waters (untreated and
treated OPW) compared to negative control water: shoot elongation for corn, millet, and
sorghum; fresh mass for millet; and dry mass for sorghum. For dicotyledons, shoot and
root elongation of okra were greater in test waters compared to negative control water
(Table 3). Sorghum was the least sensitive of the plant species examined based on values
of all early seedling growth parameters (shoot elongation, root elongation, fresh mass,
and dry mass) being greater for sorghum exposed to treated OPW compared to negative
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control water (Table 3). Values for shoot elongation, fresh mass, and dry mass for lettuce
were less in untreated OPW compared to negative control water; therefore lettuce was
found to be the most sensitive of the plant species investigated because all early seedling
growth parameters measured for this species were statistically less in a test water
compared to negative control water. The following were greater in treated and/or
untreated OPW compared to negative control water: shoot elongation and fresh mass in
both test waters for millet; shoot elongation and root elongation in both test waters for
okra, fresh mass in untreated OPW for okra; shoot elongation in both test waters for corn,
and dry mass in treated OPW for corn. The following were less in treated and/or
untreated OPW compared to negative control water: shoot elongation, root elongation,
and dry mass for soybean in treated and untreated OPW; and dry mass for watermelon in
untreated OPW.
Based on the number of early seedling growth parameters in each plant species
that were statistically greater (indication of low sensitivity) or statistically less (indication
of high sensitivity) in test waters compared to negative control water (Table 3), the
following sensitivity scale was formulated:
lettuce>soybean>watermelon>corn>okramillet>sorghum. This scale indicates greater
sensitivity of the dicotyledons (lettuce, soybean, watermelon) than the monocotyledons
(corn, millet, sorghum). Okra was the only dicotyledon for which observed early
seedling growth (root elongation, shoot elongation, and fresh mass) was greater in test
waters compared to negative control water.
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4.0 Discussion
Phytotoxicity can result from various factors including excess nutrients, nutrient
deficiencies, or the deficiency of one nutrient induced by another (Reddy, 2006). Some
elements (carbon and hydrogen) in organic compounds and most heavy (density > 5
g/cm3) metals are considered micronutrients, and their presence in specific concentrations
is required for plants to grow (Reddy, 2006). The use of quartz sand as a growth
substrate may have resulted in nutrient deficiency, as indicated by comparison of the
municipal water and quartz sand treatment to the municipal water and potting soil
treatment (Figures 3-4). Quartz sand was also used as the growth substrate in the
untreated OPW and treated OPW treatments. COCs in this study (O& G, iron,
manganese, nickel, and zinc) are needed for plants to grow (Salisbury and Ross, 1992),
but excess amounts can lead to phytotoxicity (Reddy, 2006). Indications of phytotoxicity
due to nutrient stress (excess or lack of nutrients) are yellowing of leaves, chlorosis,
stunted growth, and necrosis (Reddy, 2006). In each of the quartz sand treatments using
untreated OPW, treated OPW, and municipal water, at least five plant species showed
one or more phytotoxicity indicators.
In a study by Chaîneau et al. (2000), petroleum (i.e. O & G) had no effects on
corn biomass at an exposure of 850 mg/L with a 40day duration time; with adverse
effects observed at 3,300 mg/kg with a 120day duration time. Baek et al. (2004) found
no obvious phytotoxic effects in root elongation for corn and red bean (Phaseolus
nipponesis) in soils contaminated with 0-1,000 mg/kg of aliphatic hydrocarbons with a
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14day duration time. Salanitro et al. (1997) found that heavy and medium crude oils in
soils at concentrations from 23,600 to 41,400 mg/kg O & G with 21day duration time
did not negatively affect plant dry weight. In this study, O & G concentration in test
waters was below 850 mg/L; therefore, based on previous studies, it is unlikely that O &
G is responsible for the observed phytotoxicity.
Lettuce is used widely for phytotoxicity tests because of its agricultural
importance and high sensitivity to toxic chemicals (Banks and Schultz, 2005).
Phytotoxicity values for zinc reported for root elongation of lettuce range from an EC50
(effective concentration of a substance estimated to produce a specific adverse effect in
50% of test subjects) of 1.0 mg/L (Fjällborg et al., 2006) to 26.19 mg/L (Ronco et al.,
2000). Zinc concentration in the untreated OPW (5.69 mg/L) falls within this range, and
therefore is interpreted to be a possible source of phytotoxicity for lettuce. In previous
studies (Fjällborg et al., 2006; Salvatore et al., 2008), toxic effects were elicited in lettuce
at 1.4 mg/L iron (EC50), 28.0 mg/L manganese (EC50), and 13 mg/L nickel (minimum
inhibitory concentration). Although these metal concentrations from the previous studies
are greater than those in untreated OPW in the current investigation, the duration of
exposure in the previous studies was 72 to 96 hours, compared to three weeks (504 hours)
in the current study. Kopittke et al. (2010) suggested that metal toxicity increases with
duration of exposure and that the phytotoxicity endpoint (i.e. no observed effect
concentration, EC50, or lowest observed effect concentration) decreases with increase in
exposure duration. Therefore, iron, manganese, and nickel may be sources of
phytotoxicity in the current study. Seedling exposure was on the order of weeks in this
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study; therefore, focus was on short term responses, when plants have minimal biomass
and maximum exposure to COCs. Experiments on plant uptake/bioconcentration of
COCs with longer exposure durations would likely provide additional data pertinent to
use of the OPW for crop irrigation.
Dorn et al. (1998) found the 14day no observable effects concentration (NOEC)
lower for the smaller lettuce seed compared to the larger corn seed. Although lettuce, the
smallest seed tested in the current investigation, was the most sensitive, corn and
soybean, the two largest seeds tested, were more sensitive than the smaller okra, millet,
and sorghum seeds. Results of this study indicate plant sensitivities to OPW are not
directly related to seed size.
5.0 Conclusions
Seed germination and early seedling growth bioassays revealed that phytotoxicity
was greater in untreated OPW compared to treated OPW. Probable sources of
phytotoxicity were metals in test water and nutrient deficiencies in growth substrate.
Differences in seed germination and early seedling growth parameters indicate both
untreated and treated OPW enhanced plant growth for some plant species and reduced
growth in others. Dicotlyledons (lettuce, soybean, and watermelon) were more sensitive
to both untreated and treated OPW compared to monocotyledons (corn, millet, and
sorghum), indicating that morphological differences between plant species affected
phytotoxicity in the experiments. Sensitivities of okra were similar to those observed for
monocotyledons.
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List of Figure Captions
Figure 1. Means and standard deviations for early seedling growth parameters measured
for monocotyledons in treatments 1, 2, and 3: A) shoot elongation and root elongation for
corn; B) fresh mass and dry mass for corn; C) shoot elongation for millet; D) fresh mass
and dry mass for millet; E) shoot elongation and root elongation for sorghum; and F)
fresh mass and dry mass for sorghum. In treatment 1 seedlings were exposed to
simulated untreated OPW in quartz sand, in treatment 2 seedlings were exposed to treated
OPW in quartz sand, and in treatment 3 seedlings were exposed to municipal water
(negative control water) in quartz sand. Letters represent different Tukey’s groupings;
same letters indicate no statistical difference. Error bars represent ± one standard
deviation from the mean (n = 30).

Figure 2. Means and standard deviations for early seedling growth parameters measured
for dicotyledons in treatments 1, 2, and 3: A) shoot elongation for lettuce; B) fresh mass
and dry mass for lettuce; C) shoot elongation and root elongation for okra; D) fresh mass
and dry mass for okra; E) shoot elongation and root elongation for soybean; F) fresh mass
and dry mass for soybean; G) shoot elongation for watermelon; H) fresh mass and dry
mass for watermelon. Seedlings were exposed to simulated untreated OPW in quartz
sand in treatment 1, to treated OPW in quartz sand in treatment 2, and to municipal water
(negative control water) in quartz sand in treatment 3. Letters represent different Tukey’s
groupings; same letters indicate no statistical difference. Error bars represent ± one
standard deviation from the mean (n = 30).
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Figure 3. Means and standard deviations for early seedling growth parameters measured
for monocotyledons in treatments 3 and 4 showing differences in growth due to substrate:
A) shoot elongation and root elongation for corn; B) fresh mass and dry mass for corn; C)
shoot elongation for millet; D) fresh mass and dry mass for millet; E) shoot elongation
and root elongation for sorghum; and F) fresh mass and dry mass for sorghum. In
treatment 3 seedlings were exposed to municipal water (negative control water) in quartz
sand and in treatment 4 seedlings were exposed to negative control water in potting soil.
Letters represent different t test groupings; same letters indicate no statistical difference.
Error bars represent ± one standard deviation from the mean value (n = 30). Values for
all early seedling growth parameters, except for root elongation of corn, are statistically
higher in treatment 4 compared to treatment 3.

Figure 4. Means and standard deviations for early seedling growth parameters measured
for dicotyledons in treatments 3 and 4 showing differences in growth due to substrate: A)
shoot elongation for lettuce; B) fresh mass and dry mass for lettuce; C) shoot elongation
and root elongation for okra; D) fresh mass and dry mass for okra; E) shoot elongation
and root elongation for soybean; F) fresh mass and dry mass for soybean; G) shoot
elongation for watermelon; H) fresh mass and dry mass for watermelon. Seedlings were
exposed to municipal water (negative control water) in quartz sand in treatment 3 and to
negative control water in potting soil in treatment 4. Letters represent different t test
groupings; same letters indicate no statistical difference. Error bars represent ± one
standard deviation from the mean value (n = 30).
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Table 1. Analytical methods, detection limits, and characteristics of untreated OPW and treated OPW used in
phytotoxicity tests.
Untreated OPW
Parameter
Method
Units
MDL1
(inflow)4
2
o
Temperature
YSI Model 52
C
0.5
26.3 (26.126.4)
pH
Orion Model 420A2
S.U.
0.01
7.16 (7.107.21)
Conductivity
YSI 302
μS/cm
0.1
212 (209218)
Alkalinity
Standard Methods: 2320 B (APHA, 2005) mg/L as CaCO3 2
43 (3846)
Hardness
Standard Methods: 2340 C (APHA, 2005) mg/L as CaCO3 2
32 (2739)
DO3
YSI Model 522
mg/L
0.1
7.87 (7.837.95)
Oil & Grease
EPA Method 1664 (USEPA, 1999)
mg/L
1.4
102.7 (98.3105.1)
0.409
Iron
EPA Method 200.7 (USEPA, 1994)
mg/L
0.0062
(0.3750.430)
1.292
Manganese
EPA Method 200.7 (USEPA, 1994)
mg/L
0.0014
(1.2531.367)
1.327
Nickel
EPA Method 200.7 (USEPA, 1994)
mg/L
0.0015
(1.2881.381)
5.69 (5.505.83)
Zinc
EPA Method 200.7 (USEPA, 1994)
mg/L
0.0018
1

Method Detection Limit
Direct instrumentation
3
Dissolved Oxygen
4
Mean (range), n=3
2
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Treated OPW
(outflow)4
26.9 (26.527.2)
6.59 (6.486.65)
225 (219233)
35 (3240)
46 (3862)
5.91 (5.826.01)
3.6 (2.74.9)
0.027
(0.0150.050)
0.023
(0.0190.028)
0.045
(0.0420.050)
0.119
(0.1040.147)

Table 2. Environmental conditions of bioassays.
Description
Plant Species
Monocotyledons:
corn (Zea mays)
millet (Panicum miliaceum)
sorghum (Sorghum bicolor)
Dicotyledons:
lettuce (Lactuca sativa)
okra (Abelmoschus esculents)
watermelon (Citrullus lanatus)
soybean (Glycine max)
Replicates
30 per seed species
Test waters
Simulated untreated OPW, treated OPW,
and municipal water
Experimental chamber
Molded plastic container (10-cm deep)
Growth substrates
Quartz sand and Miracle Grow® potting
soil
Exposure
250 mL test water at start of test in each
container, additional water to maintain
moisture in soil
Duration
21 days per test
Test conditions
Climate-controlled greenhouse at 25 ± 5ºC
and natural light/dark cycle
Seed germination parameters
Percent germination
Measured early seedling growth parameters Root elongation, shoot elongation, total
fresh mass, total dry mass
Visually observed early seedling growth
Root necrosis, browning of leaves, wilting
parameters
of leaves, hardening of leaves, growth
stunting
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Table 3. Mean values ± one standard deviation (n=30) measured for early seedling growth parameters and seed germination parameters. Letters indicate
Tukey’s grouping; treatment 4 was not included in Tukey’s analysis because a different growth substrate was used (potting soil).
Elongation
Mass
Root
Seed
necrosis, %
germination, %
Plant
*Treatment
Root (cm)
Shoot (cm)
Fresh (g)
Dry (mg)
Corn
1
12.30 ± 6.04 a
21.90 ± 3.79 a
0.870 ± 0.237 b
263.1 ± 61.8 b
0
90
2
11.34 ± 5.73 a
22.54 ± 3.74 a
1.472 ± 0.317 a
330.9 ± 80.9 a
0
94
3
10.09 ± 4.81 a
18.77 ± 3.12 b
1.337 ± 0.264 a
263.7 ± 70.9 b
0
89
4
10.29 ± 5.46
43.61 ± 7.48
2.991 ± 1.070
442.3 ± 172.6
0
97
Millet
1
nm
4.08 ± 0.64 a
0.048 ± 0.012 a
14.47 ± 3.22 a
5
97
2
nm
4.29 ± 0.60 a
0.045 ± 0.008 a
13.21 ± 2.70 a
2
92
3
nm
3.12 ± 0.48 b
0.034 ± 0.005 b
12.75 ± 2.58 a
10
91
4
nm
23.58 ± 2.99
0.453 ± 0.149
60.80 ± 19.25
0
99
Sorghum
1
12.80 ±4.82 ab
14.87 ± 2.26 a
0.219 ± 0.063 ab
80.3 ± 20.2 a
0
92
2
14.25 ±4.34 a
15.15 ± 1.72 a
0.245 ± 0.057 a
81.1 ± 17.5 a
0
94
3
11.02 ± 4.11 b
13.38 ± 1.74 b
0.191 ± 0.056 b
67.4 ± 15.5 b
0
91
4
12.98 ± 3.62
40.94 ± 4.04
1.088 ± 0.275
354.9 ± 85.4
0
96
Lettuce
1
nm
0.68 ± 0.25 b
0.030 ± 0.011 b
5.0 ± 2.3 b
0
86
2
nm
0.87 ± 0.24 a
0.040 ± 0.010 a
5.9 ± 2.0 b
0
88
3
nm
0.95 ± 0.29 a
0.046 ± 0.009 a
7.7 ± 1.7 a
0
84
4
nm
12.29 ± 1.42
4.521 ± 1.469
269.5 ± 85.4
0
92
Okra
1
10.75 ± 1.53 a
6.78 ± 0.67 a
1.100 ± 0.209 a
200.1 ± 150.1 a
5
45
2
7.55 ± 1.38 b
4.52 ± 0.57 b
0.679 ± 0.215 b
166.9 ± 112.7 a
0
38
3
4.54 ± 1.48 c
3.35 ± 0.72 c
0.510 ± 0.154 b
124.2 ± 89.4 a
10
33
4
8.08 ± 2.05
11.60 ± 3.16
2.595 ± 2.044
390.1 ± 296.0
0
63
Soybean
1
4.46 ± 2.85 c
5.72 ± 2.50 b
0.743 ± 0.505 a
141.6 ± 61.7 b
20
83
2
7.41 ± 3.76 b
6.81 ± 3.22 b
0.947 ± 0.636 a
159.8 ± 66.1 b
15
77
3
10.09 ± 3.02 a
10.16 ± 2.42 a
1.030 ± 0.506 a
253.4 ± 78.7 a
0
91
4
6.54 ± 2.37
25.84 ± 1.75
2.589 ± 0.512
673.6 ± 137.6
0
95
Watermelon
1
nm
5.84 ± 1.67 a
0.611 ± 0.124 a
67.8 ± 17.8 b
0
48
2
nm
5.89 ± 2.10 a
0.662 ± 0.111 a
70.4 ± 20.6 ab
0
50
3
nm
6.09 ± 2.24 a
0.688 ± 0.114 a
83.7 ± 17.8 a
0
55
4
nm
18.37 ± 3.15
4.378 ± 1.096
397.9 ± 120.5
0
84
* Treatment 1 = untreated OPW, quartz sand; treatment 2 = treated OPW, quartz sand; treatment 3 = municipal water, quartz sand; treatment 4 = municipal water, potting soil
nm = not measured
same letters indicate no statistical significance (alpha = 0.05)
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Table 4. Observations of early seedling growth.
Seed characteristics
Seed mass1 (mg)
Monocotyledons Corn
200.1 ± 25.4

Early growth observations
*Treatment 1
*Treatment 2
*Treatment 3
development of support
development of
development of support
roots, second leaves
support roots,
roots, second leaves
present, no observed
second leaves
present, yellowing
abnormalities
present, no
of leaf tips
observed
abnormalities
Millet
7.6 ± 1.3
browning of leaves, dark browning of leaves,
browning of leaves,
brown/black
root necrosis,
root necrosis,
coloration (necrosis)
stunted growth
stunted growth
of roots, stunted
growth
Sorghum
39.8 ± 5.5
development of support
development of
development of support
roots, second leaves
support roots,
roots, second leaves
present, no observed
second leaves
present, yellowing
abnormalities
present,
of leaf tips,
yellowing of leaf
thickened tap root
tips
Dicotyledons
Lettuce
1.4 ± 0.3
stunted growth,
stunted growth,
stunted growth,
browning of leaves
browning of
browning of leaves
leaves
Okra
53.2 ± 7.8
wilting of leaves, root
yellowing of leaf
yellowing of leaf tips,
necrosis
tips, death after
root necrosis, death
germination
after germination
Soybean
194.4 ± 22.2
browning of leaves,
browning of leaves,
browning of leaves,
hardening of leaves,
hardening of
blunt roots
root necrosis, blunt
leaves, root
roots, death after
necrosis, blunt
germination
roots, death after
germination
Watermelon 51.8 ± 6.3
browning of leaf tips
browning of leaf tips browning of leaf tips
No observed abnormalities were observed for treatment 4
1
Mean mass (± one standard deviation) of 20 individual seeds (n = 20) from the same seed stock used in experiments
*Treatment 1 = untreated OPW, quartz sand; treatment 2 = treated OPW, quartz sand; treatment 3 = municipal water, quartz sand;
treatment 4 = municipal water, potting soil
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CHAPTER FOUR
CONCLUSIONS
Management of oilfield produced water (OPW), due to the large volume
generated and complex chemical composition, presents numerous environmental
challenges. Treatment in constructed wetland treatment systems (CWTSs) is one
potential management option for OPW. Questions regarding performance of CWTSs for
treatment of OPW were addressed in this study. The two major objectives of this
research were: 1) assess treatment performance of a pilot-scale CWTS at different
loadings of oil and grease (O & G), and 2) determine effects of a specific OPW on seed
germination and early seedling growth after treatment in a pilot-scale CWTS.
1.

Assess treatment performance of a pilot-scale CWTS at different loadings of
O&G
The purpose of this investigation was to evaluate a specifically designed pilot-

scale CWTS, containing 3 series (2 subsurface flow (SSF) and 1 free water surface
(FWS)), for treating OPW at O & G loading ≥ 5 mg/min. The effect of O & G mass
loading on treatment performance was investigated by varying O & G inflow
concentration and HRT. Treatment performance was assessed by measurement of O &
G, iron, manganese, nickel, and zinc concentrations at different locations throughout each
series. The effect of O & G loading on hydrosoil conditions and general water chemistry
parameters was also measured. An oil-water separator (OWS), a passive device using
gravity separation based on density differences between oil and water, was incorporated
in one of the series. Specific objectives of this investigation were: 1) assess the effect of
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different O & G mass loadings on treatment performance in pilot-scale SSF and FWS
series and 2) evaluate treatment performance of a pilot-scale SSF series containing an
OWS.
Concentrations of O & G and metals in OPW decreased following treatment in
both the FWS and SSF series in the pilot-scale CWTS. O & G loading influenced
wetland hydrosoil conditions (redox) and treatment performance of O & G and metals
present in simulated OPW. Development of reducing conditions, when mass loading of
O & G was increased, enhanced removal of nickel and zinc from OPW, but removal of O
& G, which is favored by oxidizing conditions, declined through the duration of the
experiments in the FWS and SSF series. Removal percentage of manganese declined
through the duration of the experiment in both series, iron removal declined in the FWS
series. The SSF series with an OWS demonstrated that at10 mg/min O & G loading,
removal efficiencies can exceed those observed at a 5 mg/min O & G loading without an
OWS.
2.

Determine effects of a specific OPW on seed germination and early seedling
growth after treatment in a pilot-scale CWTS
Water must be suitable for seed germination and plant growth if it is to be used

for irrigation. Seed germination and early growth bioassays were used to evaluate
potential phytotoxicity of the specific OPW from sub-Saharan Africa before and after
treatment in a pilot-scale CWTS. Plant species were selected for experimentation based
on agricultural importance in sub-Saharan Africa, sensitivity, availability, physical
differences (seed size) and potential differences in morphology (monocotyledons and
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dicotyledons). In this study focus was on short term responses (21day experiment
duration), when a plant has minimal biomass and maximum exposure to constituents of
concern (COCs). Test waters were considered phytotoxic if plant health was visually
affected (wilting of plant, discoloration of plant, necrosis) or measured quantitatively
(decreased seed germination percentage, shoot elongation, root elongation, fresh mass,
and dry mass). Specific objectives of this investigation were: 1) compare phytotoxicity
between untreated and treated simulated OPW and 2) compare responses among different
plant species to untreated and treated simulated OPW.
The pilot-scale SSF CWTS effectively reduced COCs in OPW. This allowed for
a comparison of phytotoxicity between two test waters, one containing elevated
concentrations of COCs, and the other containing reduced concentrations of COCs.
Phytotoxicity was greater in untreated OPW compared to treated OPW. Probable sources
of phytotoxicity were metals in test water and nutrient deficiencies in growth substrate.
Differences in seed germination and early seedling growth parameters indicate both
untreated and treated OPW enhanced plant growth for some plant species and reduced
growth in others. Dicotlyledons (lettuce, soybean, and watermelon) were more sensitive
to both untreated and treated OPW compared to monocotyledons (corn, millet, and
sorghum), indicating that morphological differences between plant species affected
phytotoxicity in the experiments. Sensitivities of okra were similar to those observed for
monocotyledons. Results indicate the following sensitivity scale for plant species in
order from most sensitive to least sensitive: lettuce > soybean > watermelon > corn>
okramillet >sorghum.
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3.

Summary
Results of this study indicate CWTSs are a viable treatment option for OPW.

This research demonstrated that loading rates of O & G influenced removal from the
water column of O & G, iron, manganese, nickel, and zinc. O & G loading also affected
environmental conditions (redox & dissolved oxygen) in wetland cells. Results of this
investigation demonstrate the importance of conditions, such as redox potential, in
promoting biogeochemical processes for effective treatment in CWTSs and are applicable
to the design and construction of full-scale systems. An OWS was found to be a
beneficial addition to a pilot-scale SSF CWTS in terms of controlling O & G loading to
wetland cells. This research provided valuable data on seed germination and early
seedling growth of seven plant species grown using untreated and treated OPW.
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Appendix A
Standard Operating Procedures for Water Analysis
The standard operating procedures used for analyses of simulated oilfield produced water
collected from the CWTS are listed below and found on the pages indicated.
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METHOD FOR MEASURING GENERAL WATER CHEMISTRY
PARAMETERS: pH, DISSOLVED OXYGEN, CONDUCTIVITY,
TEMPERATURE, ALKALINITY, AND HARDNESS
Michael J. Pardue, Jennifer Horner, Brenda M. Johnson, Laura E. Ober, and John H.
Rodgers Jr.
1.0
OBJECTIVE
The purpose of this protocol is to measure various general water chemistry parameters.
Parameters such as pH, dissolved oxygen (DO), conductivity, temperature, alkalinity, and
hardness are fundamental water chemistry parameters and are necessary for all water
quality related studies.
2.0
HEALTH AND SAFTEY
Proper lab attire, including scrubs, lab coat, gloves and safety glasses must be worn at all
times.
3.0
PERSONNEL/TRAINING/RESPONSIBILITIES
Any graduate research assistant familiar with the equipment and laboratory techniques
and trained in this and referenced SOPs may perform this procedure.
4.0

REQUIRED AND RECOMMENDED MATERIALS
4.1
Reagents
Reagent:
Milli-Q water
pH buffers (4, 7, & 10)
0.02 N standard sulfuric acid solution (H2SO4)
Eriochrome Black T indicator
Standard EDTA titrant (0.01M, 0.02N)
Buffer solution (Reference Standard Methods2340C)

Test:
all tests
pH, alkalinity
alkalinity
hardness
hardness
hardness

4.2
Supplies
Supply:
Graduated cylinder
100 mL beakers
Magnetic stir bar
50 mL buret and stand

Test:
alkalinity, hardness
all tests
alkalinity, hardness
alkalinity, hardness

4.3
Equipment
Orion-model 420A pH Meter
YSI 500 Dissolved Oxygen Meter
YSI 30 Salinity, Conductivity, and Temperature Meter
Magnetic stir plate
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5.0

PROCEDURE
5.1
pH
1. Calibrate the Orion Model 420A pH Meter using standard pH buffers 4, 7, and
10.
2. Rinse meter with milli-Q water to remove any prior contaminant.
3. Remove the small blue rubber stopper from the meter.
4. Submerge the tip of the meter in the sample and gently stir the sample with the
meter or use a magnetic stir-bar.
5. When the pH meter beeps, record reading.
6. Rinse meter with milli-Q water and return to holder.
5.2
Dissolved Oxygen (DO)/Temperature
1. Calibrate the YSI 500 Dissolved Oxygen Meter.
2. Rinse meter with milli-Q water to remove any prior contaminant.
3. Completely submerge the tip of the meter in the sample and turn on the mixer.
Note: If sample contains live organisms, do not use the mixer. Instead, gently stir
the sample with the meter.
4. When the DO meter beeps, record DO in mg L-1 (a “*” should also appear by
the mg L-1 and the % symbol). Also record the temperature to a tenth of a degree
(i.e. 20.1ºC).
5. Rinse meter with milli-Q water and return to holder.
5.3
Conductivity
1. Turn on the YSI 30 Salinity, Conductivity, and Temperature Meter.
2. Rinse meter with milli-Q water to remove any prior contaminant.
3. Submerge the meter in the sample and gently stir the sample with the meter.
4. When the conductivity reading has stabilized read the conductivity.
Conductivity will record in _S cm-1 (mS cm-1) and temperature in degrees Celsius.
5. Rinse meter with milli-Q water and return to holder.
6. When finished turn off the meter.
5.4
Alkalinity
1. Using a graduated cylinder, measure 50 mL of sample water and pour it into a
100 mL beaker with a magnetic stir-bar.
2. Place sample beaker on magnetic stir-plate. Turn on stir-plate to begin mixing
sample.
3. Calibrate pH meter. Place meter in the appropriate stand, with the tip
completely submerged in the sample water. (Make sure the stir-bar does not hit
the pH meter).
4. Record the initial level of titrant (0.02 N H2SO4) in the buret (fill buret as
necessary).
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5. Slowly drip titrant into the sample, allowing time for the pH meter to
stabilize.6. Titrate to pH 4.5.
7. Record the volume (mL) of titrant used to reach the pH endpoint (pH=4.5).
8. Calculate: Total Alkalinity (mg L-1 as CaCO3) = vol. titrant (mL) x 20
9. Turn off stir-plate and discard sample.
5.5
Hardness
1. Using a graduated cylinder, measure 50 mL of sample water and pour it into a
100 mL beaker with a magnetic stir-bar. (Dilutions can be made to conserve
EDTA titrant, be sure to calculate dilutions into the final equation.)
2. Add 2-5 mL of buffer solution (to give the sample a pH of 10.0-10.1).
3. Add 2-4 drops of Eriochrome Black T Indicator. Sample should turn gold (deep
yellow).
4. Place sample beaker on magnetic stir-plate. Turn on plate to mix sample.
5. Record the level of titrant (EDTA) in the buret (fill buret as necessary).
6. Slowly drip titrant into the sample, allowing time for the color change to
stabilize.
7. Titrate until the gold turns to a bright yellow (very similar to pH buffer 7).
8. Record the volume of titrant (mL) used to reach the color change.
9. Calculate: Hardness (mg L-1 CaCO3) = volume titrant (mL) x 20
10. Turn off stir-plate and discard sample.
6.0
QUALITY CONTROL CHECKS AND ACCEPTANCE CRITERIA
All procedures are subject to review by the Quality Assurance Unit.
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METHOD FOR CALCULATING WASTEWATER FLOW RATES AND
ADJUSTING WATER VOLUMES IN CONSTRUCTED WETLANDS FOR
WASTEWATER TREATMENT BASED ON HYDRAULIC RETENTION TIMES
Michael J. Pardue, Jennifer Horner, Sarah E. Sundberg, Derek Eggert, J. Chris Arrington,
and John H. Rodgers Jr.
1.0
OBJECTIVE
The hydraulic retention time (HRT) is the time it takes wastewater to flow through a
constructed wetland treatment system by gravity flow. Accurate HRTs are necessary to
ensure that the desired contact times of wastewater with sediment are being achieved.
HRT can greatly influence the chemical, physical, and biological treatment processes
occurring in the system to treat constituents in the wastewater. HRT is a function of water
flow rate and water volume. Prior to setting the appropriate flow rates, it is necessary to
adjust water volumes in the wetland microcosms to constant and known volumes. HRTs
are chosen based on land constraints, wastewater flow rates, and costs at industrial sites
where the wetland system will be constructed full-scale. This method describes how to
efficiently adjust water volumes in wetland cells and calculate the necessary water flow
rates based on desired HRTs. Common HRTs are 24-, 36-, or 48-hrs per wetland
microcosm.
2.0
HEALTH AND SAFTEY
Proper lab attire, including lab coat, gloves, and safety glasses must be worn at all times.
3.0
PERSONNEL/TRAINING/RESPONSIBILITIES
Any graduate research assistant familiar with the equipment and laboratory techniques
and trained in this and referenced SOPs may perform this procedure.
4.0

REQUIRED AND RECOMMENDED MATERIALS
4.1 Supplies
Microcosms containing hydrosoil
5 gallon bucket

5.0
PROCEDURE
Based on the site requirements the HRT must first be decided upon and the initial water
volumes of each wetland cell must be obtained. Fill the subsurface flow microcosms
(already containing gravel hydrosoil) with water from a 5 gallon bucket while recording
the amount of water needed to fill the microcosm. When water flows through the outflow
elbow the microcosm is full. The volume of water for the free-water surface microcosms
containing hydrosoil can be measured using the same method. The volume of water
needed to fill the subsurface flow microcosms should be measured periodically and the
flow rate adjusted to account for root growth and maturity (decrease in void volume). The
water flow rate can then be calculated:
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Flow Rate (mL/min) = Volume (mL)
HRT (min)
Note: in this equation, water volume is given in mL and HRT is given in minutes
6.0
QUALITY CONTROL CHECKS AND ASSURANCE CRITERIA
All procedures are subject to review by the Quality Assurance Unit.
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METHOD FOR SIMULATING AND LOADING SIMULATED OILFIELD
PRODUCED WATER (OPW) INTO A PILOT-SCALE CONSTRUCTED
WETLAND TREATMENT SYSTEM (CWTS)
Michael J. Pardue, Jennifer Horner, Brenda M. Johnson, Laura E. Ober, and John H.
Rodgers Jr.
1.0
OBJECTIVE
The objective of this standard operating procedure (SOP) is to clearly outline and define
the requirements of loading OPW to insure quality assurance and quality control
measures.
2.0
HEALTH AND SAFTEY
Proper personnel protective equipment will be worn at all times
3.0
PERSONNEL/TRAINING/RESPONSIBILITIES
Any graduate research assistant familiar with the equipment and laboratory techniques
and trained in this and referenced SOPs may perform this procedure.
4.0

REQUIRED AND RECOMMENDED MATERIALS
4.1 Supplies
Hose
1000 gallon detention basin
Submersible mixing pump
Vinyl tubing (3/8 in. by 1/4 in.) (Outer diameter by inner diameter)
3 Fluid Metering, Inc. ® (FMI®) piston pumps
1000 mL beaker
200 mL graduated cylinder
Salts (FeCl3, MnCl24H2O, NiCl26H2O, ZnCl2, NaHCO3, MgSO47H2O, KNO3,
CaCO3)
Shell Rotella T® motor oil

5.0
PROCEDURE
Fill the detention basin to 250 gal and turn on the submersible mixing pump. Keep the
hose and mixing pump running while adding the desired concentrations (formulated from
target constituent concentrations) of salts and oil and grease (O&G). Add the salts first
allowing for adequate mixing before the O&G is added. Dissolve salts in 500 mL of
water before adding to the detention basin. Continue to run the mixing pump throughout
the loading of the CWTS to ensure that the O&G is continually mixed in the simulated
OPW.
After the detention basin is adequately mixed the pumps to the CWTS can be turned on,
the calibration of the FMI pumps must be verified. This is completed one at a time by
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turning on the pumps, and measuring the collected volume in a 200 mL graduated
cylinder over two minutes. If this volume is different than 208 mL (for the free-water
surface series) and 180 mL (for the subsurface flow series) then the pumps must be
adjusted accordingly to achieve the flow rate of 104 mL min-1 and 90 mL min-1,
respectively. After the pumps are calibrated, the pumps may be turned on to pump the
simulated OPW into the CWTS.
Note: If the volume of water in microcosms is measured the hydraulic retention time
(HRT) and flow rates need to be adjusted.
6.0
QUALITY CONTROL CHECKS AND ACCEPTANCE CRITERIA
All procedures are subject to review by the Quality Assurance Unit.
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METHOD FOR MEASURING OIL AND GREASE (O&G)
Michael J. Pardue, Jennifer E. Horner
Adapted from the directions for the StepSaver apparatus manufactured by Environmental
Express, www.envexp.com
1.0
OBJECTIVE
The following protocol provides a method for measuring the concentration of oil and
grease (O&G) in a water sample. An apparatus manufactured by Environmental Express
was used to measure O&G using a modification on EPA method 1664 Revision A. EPA
Method 1664A is a performance based method, “The laboratory is permitted to modify
the method to overcome interferences or lower the cost of measurements, provided that
all performance criteria are met” (Section 1.7 of EPA 1664A). The procedure is a solid
phase extraction for O&G (defined as any components extractable by n-hexane). The
outlined procedure can yield false positive results because fatty acids in samples can be
extracted as O&G. There is a secondary test using silica gel to further distinguish
between n-hexane extractables and total petroleum hydrocarbons (TPH). This procedure
can be competed with the StepSaver apparatus from Environmental Express but was not
utilized in this research. The outlined procedure for O&G has four basic steps: rinse disk
with elution solvent, condition disk with methanol, extract analytes from water sample,
and elute analytes with elution solvent.
Additional application notes on the StepSaver apparatus can be found at the
manufacture’s website www.envexp.com.
2.0
HEALTH AND SAFTEY
Proper lab attire, including lab coat, gloves, and safety glasses must be worn at all times.
3.0
PERSONNEL/TRAINING/RESPONSIBILITIES
Any graduate research assistant familiar with the equipment and laboratory techniques
and trained in this and referenced SOPs may perform this procedure.
4.0

REQUIRED AND RECOMMENDED MATERIALS
4.1 Reagents
n-hexane (85% purity or greater)
Methanol
Hydrochloric Acid
Hexadecane, stearic acid and acetone
Deionized water
4.2 Apparatus and Supplies
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47mm or 90mm StepSaver glass with filtration manifold, water trap and vacuum
source
Prefilter material such as Filter Aid 400, and/or appropriate sized glass fiber
filters
Dried and weighed receiving flasks with 24/25 or 24/40 ground glass joint
5.5 gram sodium sulfate drying cartridges
Stainless steel filter support screen
Teflon dispensing squirt bottles
Analytical balance
Desiccator
Water bath or other evaporative device capable of achieving at least 85ºC
5.0

PROCEDURE
5.1 Sample Collection and Preparation
Collect 0.5 L samples in glass jars (EPA method recommends 1 L samples). Do
not allow sample to touch any glassware or plastic besides the sample container
because O&G will adhere to material and underestimate O&G sample
concentration. Adjust sample pH to ≤ 2.0 with HCl (approximately 1% or 5 mL
acid in 0.5 L sample). Cool sample in dark for storage up to 7 days.
5.2 O&G Extraction Methods
Extraction Disk Conditioning
Note: proper filter conditioning is essential for both adequate flow rate through
the disk and good recovery
1. Place the stainless steel filter support screen in the top of the StepSaver head.
The screen should be resting on the glass.
2. Place the Empore extraction disk into the filter gasket. The filter should be
resting inside the gasket, mesh side down, white side up towards the 1 liter funnel.
3. Place the gasket and filter together onto the stainless steel screen, and center the
funnel on the head. While holding the funnel with one hand, squeeze the clamp
firmly into place.
4. Attach a flask to collect waste solvent to collection arm of StepSaver with keck
clip.
5. For extremely dirty samples, place a scoop of Filter Aid 400 atop the disk.
90mm StepSavers have 4X the solids loading capacity of the 47mm StepSaver.
Note: Use of glass fiber pre-filters can result in low recoveries of the
stearic acid fraction.
6. Turn the upper stopcock with the red handles so that flow will be toward the
collection flask.
7. Position the valve on the manifold to the off/vent position. Wash the disk and
walls of the funnel with 10-15 mL of n-hexane. Quickly turn the manifold valve
to the on (12 o’clock) position and then back to off/vent (9 o’clock/3 o’clock)
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position. This should draw a small amount of hexane through the disk. Allow the
disk to soak for two minutes. Apply vacuum and pull remaining hexane through
disk into collection flask. Allow disk to vacuum dry for one to two minutes,
making sure all hexane is removed from the disk.
8. If the seal was leaking n-hexane repeat the n-hexane rinse steps above.
9. Position the valve on the manifold to the off/vent position.
10. Turn the StepSaver stopcock (upper stopcock) to the waste position. Add 1015 mL of methanol to the reservoir. If necessary, quickly turn manifold valve to
on position and then quickly back to off/vent position, and back up to the off/off
position (1 o’clock/ 6 o’clock) position. Allow the methanol to soak for one
minute before adding sample.
Note: If the vacuum pressure is not fully vented from the StepSaver, the
methanol will continue to flow through the disk even through the valve is
in the off/off position. Also, a small amount of methanol may leak from
the vent hole in the manifold if the stopcock is not moved up to the off/off
position.
11. Add sample on top of methanol and immediately turn vacuum to ‘on’
position.
12. Set empty container on its edge so that the remaining water (1 to 3 mLs) can
collect, then add this remaining water to the reservoir before the extraction is
complete.
13. After elution is complete, continue vacuum to air dry the filter for 5-20
minutes. The longer the better.
Note: While the filter is drying pre-weigh the collection flasks (5 decimal
place accuracy).
Sample Elution
1. Position StepSaver stopcock (upper stopcock) to collection position.
2. Remove waste flask and properly dispose of collected solvents. Gently attach a
5.5 g sodium sulfate cartridge to the luer tip in the collection arm of the
StepSaver. (When attaching and removing the cartridge be careful to pull straight
up and down.) Attach collection flask that has been dried and weighed.
3. Add 10-15 mL of n-hexane to sample container, rinsing down the sides. Shake
the hexane around the sample container, venting the cap occasionally. Pour the nhexane from sample container into StepSaver funnel.
4. Carefully apply vacuum and release to pull a few drops of n-hexane through the
disk. Allow the hexane to soak the filter for two minutes.
5. Carefully apply vacuum to slowly pull hexane through disk, through sodium
sulfate drying cartridge and into the preweighed flask. It is important to pass the
n-hexane through the drying cartridge slowly to allow adequate contact time for
water absorption.
6. After all hexane has passed into the collection flask, turn the vacuum to
off/vent position.
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7. Rinse down the sides of the 1-liter funnel with 10-25 mL of n-hexane. Be sure
to rinse with hexane until all O&G is removed from the sides of the glass funnel.
Note: Stearic acid sticks to glassware. Be sure to rinse the funnel walls
with hexane until all Stearic acid crystals dissolve. Failure to thoroughly
rinse Stearic acid from the glassware will result in low recoveries.
8. Remove pre-weighed collection flask, and evaporate n-hexane at a temperature
of 80-85ºC in a hot water bath. Do not boil or evaporate to absolute dryness.
Sweep with a vacuum tube to evaporate via air flow the final drops of n-hexane
and fumes. Desiccate to room temperature. Reweigh flask to obtain final weight.
Note: Hexadecane will volatilize if the n-hexane boils. Further,
hexadecane begins to volatilize soon after the weighing flask becomes dry.
Be sure to weigh the flask within an hour or two of placing it into the
desiccator. Do not store weigh flask in desiccator overnight. Reducing
volatization of hexadecane will improve recoveries.
5.3 Cleaning
For O&G applications only the funnel needs to be cleaned with soap and water
after use. The stopcock and the head of the StepSaver may be cleaned by rinsing
with hexane.
5.4 O&G Standards and Quality Assurance
A method blank flask was carried through the procedure for quality assurance and
control. Blank mass was subtracted from or added to final mass measurements of
sample flasks. The reported method detection limit for EPA method 1664:
Revision A is 1.4 mg L-1 O&G. The method limit of detection for this specific
procedure and for research purposes was set at three times the standard deviation
of the blanks for a given set of samples.
Motor Oil Standards
Motor oil standards (i.e. known mass of motor oil in a known volume of water)
are used in this procedure to demonstrate calibration verification as part of
ongoing precision and recovery. If the standard recoveries are within the range
specified (78-114%), the extraction, distillation, and weighing processes are in
control. Percent recoveries for standards can be calculated using the following
equation:

where, P is the percent recovery, A is the measured concentration of the
calibration standard, and B is the theoretical concentration of the calibration
standard (i.e. mass of motor oil (mg)/volume of standard (L).
Sample Matrix Spiking
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Analysis of a matrix spike is required to demonstrate recovery and to monitor
matrix interferences. Matrix spikes were completed by collecting duplicate
samples and spiking one with a known mass of motor oil. Matrix spikes should be
conducted for each set of 20 samples or less (USEPA, 1999). Acceptable matrix
spike recoveries are 78-114%, calculated using the following equation:

where, P is the percent recovery, A is the measure concentration of analyte after
spiking, B is the measured background concentration of the sample, and TE is the
true concentration of the spike.
If any part of the ongoing precision and recovery quality assurance and controls
measures are out of control (i.e. standards or matrix spike recoveries out of range)
the operator should trouble shoot the O&G procedure and make modifications as
needed. Duplicate samples may need to be collected and analyzed until the
methods are under control.
6.0
QUALITY CONTROL CHECKS AND ACCEPTANCE CRITERIA
All procedures are subject to review by the Quality Assurance Unit.
7.0
REFERENCES
United States Environmental Protection Agency (USEPA), 1999. Method 1664: Nhexane extractable material and silica gel treated n-hexane extractable material by
extraction and gravimetry, revision A. Engineering and Analysis Division,
Contract 68-C-98-139, Washington, D.C., pp. 27.
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METHOD FOR SAMPLING PETROLEUM PRODUCED WATER (PW) FROM A
CONSTRUCTED WETLAND TREATMENT SYSTEM (CWTS) FOR MULTIPLE
CHEMICAL ANALYSES
Michael J. Pardue, Jennifer Horner, Brenda M. Johnson, Laura E. Ober, and John H.
Rodgers, Jr.
1.0
OBJECTIVE
The objective of this standard operating procedure (SOP) is to clearly outline and define
the requirements of aqueous sample collection of simulated OPW to ensure quality
assurance and quality control measures.
2.0
HEALTH AND SAFTEY
Proper personnel protective equipment will be worn at all times.
3.0
PERSONNEL/TRAINING/RESPONSIBILITIES
Any graduate research assistant familiar with the equipment and laboratory techniques
and trained in this and referenced SOPs may perform this procedure.
4.0

REQUIRED AND RECOMMENDED MATERIALS
4.1 Supplies
Glass bottles (1000 mL) with secured seal (screw top)
Filter paper (0.45μm) and syringe
Centrifuge tubes (50 mL)
Trace metal grade nitric acid (HNO3)

5.0
PROCEDURE
Simulated OPW (loading predetermined) will be introduced into the pilot-scale CWTS
starting at approximately time-0 hrs from the detention basin (1000 gallon carboy).
CWTS influent should be sampled from the plastic tube delivering simulated OPW to the
first reactor in series (1-2 L of water should be collected in glass containers depending on
the volume of water needed for intended analyses). If metal analysis is needed collect
additional water in a 50 mL centrifuge tube.
Water can be sampled along the flow path of the CWTSs at sampling ports (breaks in
PVC pipes connecting microcosms). Water should be sampled after the first reactor (R1)
24 hours after the influent to the CWTS was sampled, assuming a 24-hr HRT per reactor.
Water should be sampled after the second reactor (R2) in series 48 hours after the
influent was sampled, continue for reactors 3 and 4. Depending on intended analyses 1-2
L of water should be collected, in addition to a 50 mL centrifuge tube. Subsurface flow
and free water surface series can be sampled in the same way.
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All water samples will be immediately transported to the Ecotoxicology laboratory in
Lehotsky Hall, room 228, and prepared for analyses. Soluble metal preparation for ICPAES analysis will be conducted by filtering 50 mL of sample water with a 0.45 μm
membrane filter (Millipore MF 25mm) and syringe into a 50 mL centrifuge tube acidified
with 0.5 mL (1% of sample water volume) trace metal grade nitric acid (11N•HNO3).
Centrifuge tubes intended for total and dissolved metals analysis with an ICP-AES will
be checked for an adequate seal and analyzed within ≤ 6 months. The remaining sample
will be divided into required volumes for analysis of water quality parameters and O&G
(see individual SOPs) or refrigerated at 4ºC until analyses can be conducted.
6.0
QUALITY CONTROL CHECKS AND ACCEPTANCE CRITERIA
All procedures are subject to review by the Quality Assurance Unit.
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MEASUREMENT OF ELEMENTS USING AN INDUCTIVELY COUPLED
PLASMA- ATOMIC EMISSION SPECTROMETER (ICP-AES)
Michael J. Pardue, Jennifer Horner
1.0
OBJECTIVE
This method outlines the specific experimental details for analysis of select elements
using the ICP-AES as it pertains to simulated oilfield produced water. This protocol is
intended for measuring the concentrations of iron, manganese, nickel, and zinc in
aqueous samples with a a low total dissolved solids (TDS) concentration. It is not
intended to be applied directly to unknown produced water samples.
This method has been amended for application to a specific simulated oilfield produced
water (OPW) and the standard methods (USEPA, 1994) for metals and trace elements in
water analyses should be reviewed before starting experiments.
2.0
HEALTH AND SAFETY
Proper lab attire, including lab coat, gloves, and safety glasses must be worn at all times.
3.0
PERSONNEL/TRAINING/RESPONSIBILITIES
Any graduate research assistant familiar with the equipment and laboratory techniques
and trained in this and referenced SOPs may perform this procedure.
4.0

REQUIRED AND RECOMMENDED MATERIALS
4.1 Supplies
ICP-AES; SPECTROFLAME-EOP, Spectro Analytical Instruments
Tap water
500 mL acidified NANOpure water for rinse
Standards for the element(s) of interest
4.2 Standards
Standards should not exceed a range of two orders of magnitude
Standards should be made in a matrix to resemble that of the samples
Acidified in same manner as samples (10% by volume with nitric acid)
Standards should be made the day of sample analysis

5.0
PROCEDURE
This procedure only includes the basic methods for sample collection, ICP-AES use and
cleanup, and quality assurance controls. Instrumentation manual and EPA Method 200.7
(USEPA, 1994) should be reviewed.
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5.1 Sample Collection and Preparation
Collect samples in clean 50 mL plastic centrifuge tubes, do not allow the tube to
overfill when filling. Adjust sample pH to ≤ 2.0 with HNO3 (approximately 1%
by volume or 0.5 mL acid in 50 mL sample). Due to instrumental limitations
resulting from O & G concentration, samples containing >50 mg/L O & G
concentration were diluted before analysis on ICP-AES. Cool sample in dark for
storage up to 6 months. Warm samples to room temperature before analysis.
5.2 ICP-AES Methods
The instrument manual for the SPECTROFLAME-EOP contains procedures for
calibration and analysis of samples and the ICP SOP, written by Brenda M
Johnson, Derek A. Eggert, and Andrew McQueen (unpublished, 2007) contains
step by step instructions of ICP-AES use. The USEPA (1994) recommends
wavelengths, detection limits, and possible element interferences.
Analyte

Wavelength1
(nm)

Estimated
Interferant
2
Detection Limit
(μg L-1)
Fe
259.940
6.2
none
Mn
257.610
1.4
Ce
Ni
231.604
15
Co, Tl
Zn
213.856
1.8
Ni, Cu, Fe
1 Recommended for sensitivity and overall acceptability
2 Estimated 3-sigma instrumental detection limits
5.3 Cleaning
After ICP-AES use the system lines should be flushed with acidified Milli-Q for
5-10 minutes. Prior to and at the conclusion of each use of the ICP-AES all lines
and tubing should be checked for blocks and wear. Empty the waste container if
necessary. The remainder of unused standards can be disposed of in appropriate
waste containers and aqueous sample should be stored in centrifuge tubes in the
refrigerator, in case further analysis is required.
5.4 Quality Assurance
Quality assurance and quality control measures for ICP-AES metal analyses
should include standard recovery and standard addition every ten samples.
Sample analyses can be considered acceptable if standard recoveries are within
±10% of the calibration concentration for individual metals. A middle standard
should be used for standard additions and the percent recovery should be within
70-130%. A new calibration curve should be accepted every 20 samples and
duplicate samples can be analyzed for additional assurance. These quality
assurance and control measures should be considered as the minimum
requirements of USEPA methods, additional quality measures should be
performed for unknown or excessively cloudy (non-homogeneous) samples.
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6.0
QUALITY CONTROL CHECKS AND ACCEPTANCE CRITERIA
All procedures are subject to review by the Quality Assurance Unit.
7.0
REFERENCES
United States Environmental Protection Agency (USEPA), 1994. Method 200.7:
Determination of metals and trace elements in water and wastes by inductively
coupled plasma-atomic emission spectrometry, revision 4.4 EMMC Version.
Office of Research and Development, Cincinnati, Ohio., pp. 58.
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METHOD FOR MEASURING OXIDATION-REDUCTION POTENTIAL OF
HYDROSOIL IN A CWTS
Michael J. Pardue, Jennifer Horner, Sarah E. Sundberg, Derek Eggert, J. Chris Arrington,
and John H. Rodgers, Jr.
1.0
OBJECTIVE
Oxidation and reduction (redox) reactions mediate the behavior of many chemical
constituents in wastewaters. The reactivities and nobilities of important elements in
biological systems, as well as those of a number of other metallic elements, depend
strongly on redox conditions. Like pH, Eh (redox) represents an intensity factor; it does
not characterize the capacity of the system for oxidation or reduction. Measurements are
made by potentiometric determination of electron activity (or intensity) with an inert
indicator electrode and a suitable reference electrode. Electrodes made of platinum are
most commonly used for Eh measurements. This protocol describes the method used to
measure redox in the hydrosoil of a constructed wetland treatment system.
2.0
HEALTH AND SAFTEY
Proper lab attire, including lab coat, gloves, and safety glasses must be worn at all times.
3.0
PERSONNEL/TRAINING/RESPONSIBILITIES
Any graduate research assistant familiar with the equipment and laboratory techniques
and trained in this and referenced SOPs may perform this procedure.
4.0

REQUIRED AND RECOMMENDED MATERIALS
4.1 Supplies
Potassium ferrocyanide, K4Fe(CN)6•3H2O
Potassium ferricyanide, K3Fe(CN)6
Potassium chloride, KCl
4.2 Equipment
pH or millivolt meter
Reference electrode
Oxidation-reduction indicator electrode
Beakers and magnetic stirrer

5.0
PROCEDURE
Prepare ZoBell’s standard redox solution by adding 1.4080 grams potassium
ferrocyanide, 1.0975 grams potassium ferricyanide, and 7.4555 grams potassium chloride
to 1000 mL of Milli-Q water at 25ºC. These measurements must be as accurate as
possible to result in a reliable solution. When stored in dark plastic bottles in a
refrigerator, this solution is stable for several months.
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Follow the manufacturer’s instructors for using the pH/millivolt meter and in preparing
electrodes for use. Immerse the reference electrode connected to the millivolt meter and
the redox indicator electrode (platinum tip end) in the gently stirred, standard solution in
a beaker. Connect the millivolt meter to the end of the indicator electrode opposite the
platinum tip. Allow several minutes for electrode equilibrium then record the reading to
the nearest millivolt. If the reading is within ±10 mV from the theoretical redox standard
value at 25ºC (+183 mV), record the reading. The indicator electrode is ready for
placement in the hydrosoil. If the reading is not within ±10 mV, the indicator electrode
must be re-made.
In free-water surface microcosm place the indicator electrode’s platinum tip
approximately four inches deep into the sediment making certain it is not near the plant
roots. Secure the electrode with cable ties. In subsurface flow microcosms the indicator
electrode’s platinum tip can be installed in a PVC casing to the midpoint of hydrosoil
depth. Allow the electrode to equilibrate for 24 hours prior to taking any readings. To
measure redox potential of the hydrosoil place the reference electrode approximately four
inches deep into the hydrosoil in the subsurface flow microcosms or submerge
completely in the water of the free-water surface microcosms. Be sure that the reference
electrode is not placed directly next to the plant roots (this may be hard to avoid in the
subsurface flow microcosms because of the advantageous root systems of Phragmites
australis). Connect the millivolt reader to the end of the indicator electrode opposite the
platinum tip. Record the redox potential in mV. Repeat a second time by placing the
reference electrode in another location in the hydrosoil or water. Successive readings that
vary less than ±10 mV over 10 minutes are adequate for most purposes. Adjust the
reading according to field corrections and electrode calibration corrections.
Example: The field redox measurement of a hydrosoil was -206mV. When the electrode
was initially calibrated in the lab, the redox reading was +193mV (which is +10mV
difference from the theoretical redox standard value of +183mV). The field redox
measurement must be corrected for this difference by subtracting 10mV from -206mV.
This gives a redox measurement of -216mV. The standard correction factor for field
redox measurements for the millivolt reader is +240mV. Therefore, this correction factor
is added to the redox measurement of -216mV to yield a final redox measurement of
+24mV.
Ehsystem = Ehobserved + Ehreference standard – Ehreference observed + Ehfield
correction
Ehsystem = -206mV + 183mV – 193mV + 240mV
6.0
QUALITY CONTROL CHECKS AND ACCEPTANCE CITERIA
All procedures are subject to review by the Quality Assurance Unit.
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7.0
REFERENCES
Faulkner, S.P., W.H. Patrick, Jr., R.P. Gambrell, 1989. Field techniques for measuring
wetland soil parameters. Soil Sci. Soc. Am. J. 53, 883-890.
ZoBell, C. E., 1946. Studies on redox potential of marine sediments. Bulletin of the
American Association of Petroleum Geologists 30, 477-513.
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SEED GERMINATION AND EARLY SEEDLING GROWTH BIOASSAYS
Michael J. Pardue, Jennifer Horner, Susan Chandler, and James W. Castle
1.0
OBJECTIVE
This protocol provides an overview of the experimental details for seed germination and
early growth (SG/EG) bioassays. The methodology provided was recommended by the
EPA (1996) and OECD (2003), with some procedure modifications. SG/EG bioassays
have been used extensively for ecotoxicity evaluations of contaminated soils, particularly
in petroleum impacted soils (Miller et al., 1980; Salanitro et al., 1997; Dorn et al., 1998;
Crowe et al., 2002; Banks and Schultz, 2005; Płaza et al., 2005) where toxicity can result
from a complex mixture of compounds that chemical analyses alone are insufficient to
assess potential ecological impacts (Banks and Schultz, 2005). In complex mixtures, such
as OPWs, it can be difficult to determine which constituents to analyze, predict their
ecological effects, and account for possible additive effects or interactions (Płaza et al.,
2005; Fjällborg et al., 2006). In addition to evaluating the total effect or impact of a
contaminant, SG/EG bioassays are a valuable tool because they determine toxicological
effects on plants at a sensitive life cycle stage.
Seed germination is sensitive to environmental factors including osmotic stress,
availability of oxygen and water, and non-optimal temperatures (Crowe et al., 2002).
Early growth indicators, such as root elongation, are important for development and
growth and survival of plants (Teacă and Bodîrlău, 2008), and have been found to be
more sensitive than seed germination to metal exposures (Salvatore et al., 2008; Teacă
and Bodîrlău, 2008) and petroleum impacted soils (Płaza et al., 2005). Several species of
plants have been used for SG/EG bioassays for their sensitivity to contaminants and
economical or agricultural importance including lettuce (Lactuca sativa), tomato
(Lycopersicon esculentum), cucumber (Cucumis sativus), soybean (Glycine max),
cabbage (Brassica oleracea), oat (Avena sativa), and corn (Zea mays) (USEPA, 1996;
Dorn et al., 1998; OECD, 2003).
2.0
HEALTH AND SAFTEY
Attire appropriate to the task must be worn at all times.
3.0
PERSONNEL/TRAINING/RESPONSIBILITIES
Personnel familiar with the equipment and laboratory techniques and trained in this and
referenced standard operating procedures (SOPs).
4.0

REQUIRED AND RECOMMENDED MATERIALS
4.1 Supplies
1 L Nalgene® high-density polyethylene bottles
Molded plastic containers
Quartz sand
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Potting soil
Seeds (30 replicates per seed variety)
Distilled water
Bleach
4.2 Equipment
Orion-model 420A pH Meter
YSI 500 Dissolved Oxygen Meter
YSI 30 Salinity, Conductivity, and Temperature Meter
Magnetic stir plate
Analytical balance (capable of weighing 0.0001 grams)
Ruler
Thermometer
5.0

PROCEDURE
5.1 Seed variety selection
In order to obtain site specific data regarding phytotoxicity and the potential for
reuse at a site, indigenous species can be utilized. Seeds of various crop species
were selected for the bioassays used in this research for their sensitivity to
contaminants, agricultural importance, and availability of seeds to natives for
planting. Seed varieties included lettuce (Lactuca sativa), millet (Panicum
miliaceum), okra (Abelmoschus esculents), watermelon (Citrullus lanatus), corn
(Zea mays), sorghum (Sorghum bicolor), and soybean (Glycine max).
5.2 Sample collection and preparation
Aqueous samples will be collected in 1 L Nalgene® high-density polyethylene
bottles and used in the bioassays. To determine the exposure, 50 mL of each test
water should be set aside for metal analyses on the ICP-AES and 500 mL for
O&G analysis (if applicable to research).
5.3 Bioassay procedure
Soils were dispensed into molded plastic containers 10-cm deep and 11cm
diameter. Seeds were surface sterilized in a 10% bleach solution and rinsed three
times in distilled water prior to planting. Depending on their size, 5 to 15 seeds
were placed 1-2 cm below the soil surface in each container. Seed cultures were
exposed to natural light/dark cycles in a greenhouse located in Clemson, SC; no
artificial lighting was used. Temperatures through the duration of the experiment
were 25 ± 5 º C. Seedlings were watered daily to keep the soil moist. Seeds were
monitored daily to count germination and make growth observations. On the
twenty-first day following planting, seedlings were harvested, and the following
parameters were measured: 1) seed germination percentage, 2) root elongation, 3)
shoot elongation, 4) fresh mass of seedling, and 5) dry mass of seedling (dried for
24 hours at 80ºC). Seedlings from each container were removed as a group; the
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roots were then gently rinsed using water to remove soil particles. Seed
germination percentage was calculated for all plant species. Indicators of
phytotoxicity (chlorosis, stunted growth, and browning of leaves) were observed
and recorded daily throughout the experiment.

5.4 Cleaning
After mass and length measurements were completed, seeds and molded plastic
containers were disposed of.
5.5 Statistics
Early growth response variables (e.g. root elongation, shoot elongation, fresh
mass, dry mass) were statistically compared using ANOVA, Tukey’s tests, and ttests for normally distributed data in Statistical Analysis System (SAS Institute,
2002).
6.0
QUALITY CONTROL CHECKS AND ACCEPTANCE CRITERIA
All procedures are subject to review by the Quality Assurance Unit.
7.0
REFERENCES
Banks, M.K., K.E. Schultz, 2005. Comparison of plants for germination toxicity tests in
petroleum-contaminated soils. Water, Air, and Soil Pollution 167, 211-219.
Crowe, A.U., A.L. Plant, A.R. Kermode, 2002. Effects of an industrial effluent on plant
colonization and on the germination and post-germinative growth of seeds of
terrestrial and aquatic plant species. Environmental Pollution 117, 179-189.
Dorn, P.B., T.E. Vipond, J.P. Salanito, H.L. Wisniewski, 1998. Assessment of the acute
toxicity of crude oils in soils using earthworms, Microtox®, and plants.
Chemosphere 37:5, 845-860.
Fjällborg, B., B. Li, E. Nilsson, G. Dave, 2006. Toxicity identification evaluation of five
metals performed with two organisms (Daphnia magna and Lactuca sativa).
Arch. Eviron. Contam. Toxicol. 50, 196-204.
Miller, R.W., S. Honarvar, B. Hunsaker, 1980. Effects of drilling fluids on soils and
plants: I. Individual fluid components. J. Environ. Qual. 9:4, 547-552.
Organization of Economic Co-operation and Development (OECD), 2003. OECD
Guideline for the testing of chemicals, proposal for updating guideline 208.
Terrestrial plant test: 208: Seedling emergence and seedling growth test, pp. 19.
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Płaza, G., G. Nałęcz-Jawecki, K. Ulfig, R.L. Brigmon, 2005. The application of
bioassays as indicators of petroleum-contaminated soil remediation. Chemosphere
59, 289-296.
Salanitro, J.P., P.B. Dorn, M.H. Huesemann, K.O. Moore, I.A. Rhodes, L.M. Rice
Jackson, T.E. Vipond, M.M. Western, H.L. Wisniewski, 1997. Crude oil
hydrocarbon bioremediation and soil ecotoxicity assessment. Environ. Sci.
Technol. 31, 1769-1776.
SAS Institute, 2002. Statistical analysis system, Version 9. SAS Institute Inc., Cary,
North Carolina.
Teacă, C.A., R. Bodîrlău, 2008. Assessment of toxicity of industrial wastes using crop
plant assays. BioResources 3:4, 1130-1145.
United States Environmental Protection Agency (USEPA), 1996. Ecological effects test
guidelines: OPPTS 850.4200 Seed germination/root elongation toxicity test.
Prevention, Pesticides and Toxic Substances. EPA 712-C-96-154, pp. 8.
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METHOD FOR MEASURING WATER VOLUME IN WETLAND CELLS
Michael J. Pardue
1.0
OBJECTIVE
This method provides an overview of how water volume was measured in wetland cells.
Water volumes must be known for accurate calculations of parameters such as hydraulic
retention time.
2.0
HEALTH AND SAFTEY
Attire appropriate to the task must be worn at all times.
3.0
PERSONNEL/TRAINING/RESPONSIBILITIES
Personnel familiar with the equipment and laboratory techniques and trained in this and
referenced standard operating procedures (SOPs).
4.0

REQUIRED AND RECOMMENDED MATERIALS
4.1 Supplies
Tap water
4.2 Equipment
1-L graduated cylinder
Wetland cell containing hydrosoil

5.0
PROCEDURE
First, water was drained from the mature wetland cell (i.e. cell contained dense plant
mass and root structure). The cell was allowed to dry for two weeks. After two weeks
had passed, tap water was added back to the wetland cell. Tap water was measured and
added using a 1-L graduated cylinder. The number of liters required to fill the cell was
recorded. The cell was considered full when water began to drip from the outflow pipe
of the wetland cell. Water volumes of SSF and FWS cells were calculated in the same
manner.
The calculation of water volume for SSF and FWS cells was involved in the calculation
of hydraulic retention time for the SSF and FWS series. The formula used for the
calculation of hydraulic retention time was:
HRT (min) = Volume (mL)
Inflow pumping rate (mL/min)
Hydraulic retention time must be known for the calculation of treatment performance
measures such as removal rate coefficient.
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6.0
QUALITY CONTROL CHECKS AND ACCEPTANCE CRITERIA
All procedures are subject to review by the Quality Assurance Unit.
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